Geochemistry of clastic sedimentary rocks in parts of Palaeoproterozoic Alwar Basin, Northeastern Rajasthan by Ahmad, Sadique
GEOCHEMISTRY OF CLASTIC 
SEDIMENTARY ROCKS IN PARTS OF 
PALAEOPROTEROZOIC ALWAR BASIN, 
NORTHEASTERN RAJASTHAN 
THESIS 
SUBMITTED FOR THE AWARD OFTHE DEGREE OF 
33actor of  
IN 
GEOLOGY 
By 
SADIQUE AHMAD 
('NDER THE SUPERVISION OF 
PROF. MAHSHAR RAZA 
DEPARTMENT OF GEOLOGY 	:f r j? 
ALIGARH MUSLIM UNIVERSITY  
ALIGARH (U.P.) INDIA 
2014 
0 	 ;' 2914 
\\ll\\\ll\l\\l\\l\l\ll\\\1l\\\\\1I! 
.f u 	DEPARTMENT OF GEOLOGY 
3fahshar 9 a 	J~~ 1 . ALIGARH MUSLIM UNIVERSITY '  
M.Sc . Ph.D y` 	ALIGARH -202002, Professor 	 INDIA 
Dated: 21_O t (,a 
CertfiCcate 
This is to certify that Mr. Sadique Ahmad has completed his doctoral thesis entitled, 
`GEOCHEMISTRY OF CLASTIC SEDIMENTARY ROCKS IN PARTS OF 
PALAEOPROTEROZOIC ALWAR BASIN, NORTHEASTERN RAJASTHAN', 
under my supervision. This is an original piece of research work and has not been 
submitted anywhere for any other degree. 
Mr. Sadique Ahmad is allowed to submit the thesis for the award of Ph.I). degree in 
Geology of Aligarh Muslim University, Aligarh. India. 
2 
(Prof. Mahshar R
/
z~)ft / 
Supervisor 
Dedicated 
to 
My Parents 
CONTENTS 
Ackno%%ledgements 	 i-ii 
List of figures 	 iii-vii 
List of tables 	 viii 
INTRODUCTION 1-12 
Introduction 
Previous work 9 
Aims and objectives 9 
Scope and limitation of present study 10 
Organization of the thesis II 
CHAPTER 1: GEOLOGY OF THE AREA 	 13-30 
1.1 General Geology of Aravall1 Craton 	 13 
1.2 Banded Gneissic Complex Basement 	 16 
1.3 The Palaeoproterozoic Aravalli Supergroup Supracrustals 	 16 
1.4 The late Palaeoproterozoic Delhi Supergrup Supracrustals 	 17 
1.41 South Delhi Belt 
1.1.42 North Delhi Belt: 
1.5 Vindhvan Basin 	 20 
1.6 Geology of Alwar Basin 	 21 
1.61 Raialo Group 
1.62 Alwar Group 
1.63 Ajabgarh Group 
CHAPTER 2: PETROGRAPHY OF QUARZITE (META-ARENITES) 	31-45 
2.1 Introduction 31 
2.2 Method of study 32 
2.3 Detrital Mineralogy 33 
2.31 Quartz 
2.32 Mica 
2.33 Feldspar 
2.34 Accessory Minerals 
2.4 Classification based on Dickinson'n scheme (1985) 36 
2.5 Tectono Provenance 38 
CHAPTER 3: SAMPLING METHODS AND GEOCHEMICAL 
ANALYSIS 	 46-52 
3.1 Introduction 	 46  
3.2 Sampling procedures 	 46 
3.3 X-Ray Fluorescence 	 47 
3.31 Pellets preparation 
3.32 Instrumental and operating parameters 
3.4 ICP-MS: Inductively coupled Plasma Spectrometry 	 48 
3.41 Princpal of ICP-MS 
3.42 Geological Application 
3.43 Materials and Reagents 
3.44 Sample Preparation of ICP-MS 
3.5 LOt (Loss on Ignition) 	 Si 
3.51 Procedure followed for calculating the Loss on Ignition 
CHAPTER 4: GEOCHEMICAL CHARACTERIZATION OF CLASTIC 53-94 
SEDIMENTARY ROCKS OF AL WAR BASIN 
4.1 Introduction 53 
4.2 Geochemical Data 53 
4.3 Element Mobility 54 
4.4 General Geochemical Characteristics of Quartzites 55 
4.41 Major Elements 
4.42 Trace Elements 
4.5 General Geochemical Characteristics of Metapelites 61 
4.51 Major Elements 
4.52 Trace Elements 
4.6 Multi-element Patterns 65 
4.7 Enrichment Factor 69 
4.8 Geochemical Variation of Stratigraphy 71 
4.9 Mineral Control on Whole Rock Geochemistry and Implication 74 
4.10 Influence of Heavy Mineral Accumulation 79 
CHAPTER 5: SURFACE PROCESSES, WEATHERING HISTORY AND 95-115 
PALAEOCLIMATE 
5.1 Introduction 	 95 
5.2 Hydraulic Sorting, Recycling and Quartz Dilution 	 95 
5.3 Source Area Weathering 	 101 
5.4 Palaeoclimate 	 III 
5.5 Palaeo-redox conditions 	 114 
CHAPTER 6: PROVENANCE CHARACTERISTICS 116-135 
6.1 Introduction 1 16 
6.2 Source Characteristics 117 
6.3 Location of Source Terrain 127 
6.4 Provenance Modelling 132 
CHAPTER 7: TECTONIC SETTING OF SEDIMENTATION IN 	 136-143 
ALWAR BASIN 
7.1 Introduction 	 136 
7.2 Tectonic Setting of Alwar Basin 	 136 
7.3 Implication for Regional Tectonics and Continent Assembly 	 138 
CHAPTER 8: CRUSTAL EVOLUTION AT ARCHAEAN- 	 144-152 
PROTEROZOIC BOUNDARY 
8.1 Introduction 	 144 
8.2 Geochemical Changes across APB in Aravalli Craton 	 146 
CHAPTER 9: SUMMARY AND CONCLUSIONS 	 153-159 
REFERENCES 	 160-189 
4 cyoWLTJDç41EWTs 
I would like to pay my humble reverence, first of all to Almighty Allah, -without a hose 
countless blessings the •wor(t wou f not have seen the light of day. 
Special thanks  and deep sense of indebtness is expressed for Professor 9Kahshar crza, 
Chairman, (Department of geology for his keen interest, helping hand and for providing the 
necessary facilities required during the course of my research work 'Fortune took, the lead that I 
ha cprofessor ;%1ahshar Raza as also my supervisor. "Vo word can ex press my gratitude for his 
encouragement and for allowing me to grow as a researcher. Iris advice on my research worhjras 
been invaluable. Throughout my thesis writing period, he provided encouragement, sound advice, 
good company and lots of good ideas. One simply could not wish for a better or friendlier 
supervisor..ile has been invaluable on both an academic and personal feet for which I am 
c. treme5'grateful 
I also offer my sincere appreciation to Prof. A.10f Ahmad who has always been ever 
ready to help me time to time and he helped me a lot in petrography. 
=.tit other, you have always believed in your son and given me your Cove. 'Father, you showed 
me the example of a hard worlj'ng man. ?here are no words that can egress gratitude for your 
love, affection, patience andsacnfices that you have made on my behalf. Your prayers for me has 
sustained me this far. I gratefully acknowledge my brothers Mr. Asif ;Bhai a►uf %1r. Pashid Bhai 
whose presence encouraged me to finish the work successfully. 
A special thanks to my elder brother'Iarique 'Bhzai for providing a loving and supporting 
environment for me, who sent me to Aligarh ;%1usl im University for getting higher education. 
Words cannot egress how grateful I am to him for all of the moral and mental support that he 
has extended towards me. 
I would also Cake to convey my deep feeling of respect for my cBade Abbu (Late. Qazi 
fasood)4hmad and Baba (Late. Qa.i 1ag5ool)4hmad). I is to thank my entire eXterufed 
family andmy wonderfulcousins. 
I would fait in my duty if I do not appreciate the encouraging attitude of my sisters 
Tazeen aapi, i&hat aapi, Nasiya aapi, Sha=_ra and Sameena for supporting me in innumerable 
ways for the completion of my doctoral'work 
I am also very thanI ful to my nephewsAbdullahz, Zubair, Osama, 7faris and'Fa/utd 
In my daily wore j have been blessed uith a friendly and cheerfufgroup of friends anti 
wouldfail in my duty if I do not appreciate the encouraging attitude of my friends Saquib (Pasha) 
S%1ashhood, A6duffah, J a6ee6 (Boss), Neha1 Ajju, L(Fia, Ahmer, 91o(isin, Sarni Mazin, Kashif, 
AbddCIah, Tauseef, Adee1 Athar, Afam, A6uzar, `Usman, a. I 'woufd 1i ,e to give special thanks to 
Mujahid, A6du1 'Faraz, Kashif Laari, Rashid, Armaan, Shada6, 'Iarique for their constant 
support in one or the other way. 
lam also very t(rankful to my classmates Zuhiai6, Aaliya, Sana, 7auheed, rarvez artd my 
seniors Saif ,Bhai, Adrian (Mai, Quadir Bhai, and `Kamran ,Bhai. 
I awe my deepest gratitude to Ausaaf Rata, Saadt2ahman, Adizan, Quasim, ;Pawnesh, 
Ifteihar, and~Daud I have to create some new words if I want to thank, them. They were always 
therefor helping me in my ,t h.dandalso supported me throughout my doctora(won(; 
Looking back, ten years since I came to ACigarh 94us(im `University, what an amazing 
journey it has been for me! Encompassing both good-times, that 1 will remember forever because it 
was plenty, and not-so good times, yet I did not sway from my conscience, this transmogrif7ed hide 
would not have been accomplished without tremendous help andsupport Igratefu!!y receivedfrom 
my)4Cma Mater. 
I greatly acknoawledge 'UcC for providing me the VKC/Non9VtLT scholarship for carrying 
out my research 'work.; 
Last but by no means the (east, I thank my friends, Osama, SoIiail Arish, (Parwaz Jehai, 
Sutthaan, Anupan, A6hishek; 
Sa f que Ahmad 
IL 
LIST OF FIGURES 
Figures 
	 Page No. 
	
Figure 1 Map showing distribution of continents in Gondwana 	2 
assembly (Gray et al., 2007; Mccrt and Lieberman, 2008). 
Figure 2 	Sketch map showing linear Tectonic Zones in Aravalli- 	4 
Delhi Orogenic Belt and Proterozoic sedimentary basins of 
surrounding area (After Sen 1980, 1981). 
Figure 1.1 Map of India showing tectonic architecture of the Indian 	14 
shield. Note that a major tectonic zone referred to as 
Central Indian Tectonic Zone (CITZ) marks a tectonic 
boundary between the Northern (NIC) and Southern (SIC) 
parts of the shield. NIC - North Indian Craton, SIC = South 
Indian Craton. Grcat boundary fault separates the Aravalli 
and Bundelkhand blocks ofNIC. 
Figure 1.2 Geological map of Aravalli Craton showing distribution or 	l5 
Aravalli - Delhi Supracrustals sequences, large sedimentary 
basins, and basement complex (After Roy 1988). 
Figure 1.3 Generalised Geological map of of Rajgarh area, 	23 
northeastern Rajasthan. 1. Pre - Delhi Basement 2. Dogcta 
Formation (Marble Withlenses of Quartzite) 3. Senate 
Quartzite 4. Tehla Formation (A. Volcanic B. Quartzite C. 
Schist), 	5, 	Rajgarh 	Formation 	(A. 	Conglomerate. 	B. 
Quartzite) 	6. 	Kankwarhi 	Formation. 	7. 	Pratapgarh 
Formation. 	(A. 	Quartzite. 	B. 	Schist) 	8. 	Kushaigarh 
Formation 9. Seriska Formation 10. Thanagazi Formation, 
11, Bharkol Formation, 12. Aravali-Mandhan. 
Figure 1.4 Field Photograph of Large scale planer cross-stratification 28 
near Nagarbora village,Pinan, Rajgarh. 
Figure 1.5 Field Photograph of Large scale trough-cross stratification 28 
at Doroli village near Machari Rajgarh. 
Figure 1.6 Field 	Photograph 	of Symmetrical 	ripple 	marks 	near 29 
Machari, Rajgarh. 
Figure 1.7 Field 	Photograph 	of Asymmetrical 	ripple 	marks 	near 29 
Machari, Raj garh. 
Figure 1,6 Field Photograph of Trough cross stratification in Rajgarh 30 
quartzite, near Almoda. 
Figure 1.9 Field 	Photograph of Planner cross strtificationm 	in 	in 30 
Pratapgarh quartzite, near Kliori lakharni. 
iii 
Figure 2.1 Microphotographs of A- Monocrystalline quartz grains, B- 	40 
Biotite C- Feldspar grain, D- Tourmalline, E- Zircon. 
Figure 2.2 Classification of Alwar Formation Sandstone, according to 42 
Dickinson (1985). 
Figure 2.3 Classification of Alwar Formation Sandstone, according to 42 
Dickinson (1985). 
Figure 2.4 Classification of Alwar Formation Sandstone. according to 43 
Dickinson (1985). 
Figure 4.1 Chondrite- normalized REE patterns of quartzites of Delhi 62 
Supergroup from 	Ahvar basin showing negative 	Eu- 
anomalies 	(A and 	B) 	and 	positive 	Eu-anomalies 	(C). 
Normalizing values after Sun and McDonough, (1989). 
Samples are plotted in A and B to avoid crowding. 
Figure 4.2 Chondrite- normalized REE patterns of metapelitcs of 66 
Delhi Supergroup from Alwar basin showing negative Eu- 
anomalies (A and B) and positive or no Eu-anomalies (C). 
Normalizing values after Sun and McDonough (1989). 
Samples are plotted in A and B to avoid crowding. 
Figure 4.3 Chondrite- 	normalized 	REE 	patterns 	of 	avg. 	Alwar 67 
quartzites compared with avg. Ajabgarh quartzites of Delhi 
Supergroup, Alwar basin. Normalizing value after Sun and 
McDonough (1989). 
Figure 4.4 Average 	upper 	continental 	crust (UCC) 	- 	normalized 70 
multielement spidergrams of quartzites (A) and metapelites 
(B) of Delhi Supergroup of the Alwar basin. Normalizing 
values after Taylor and McLennan (1985). 
Figure 4.5 Average 	upper continental 	crust 	(UCC) 	- 	normalized 72 
multielement 	spidergrams 	of avg. 	quartzites 	and 	avg. 
metapelites of different formations of Delhi Supergroup of 
the Alwar basin. Normalizing values after 	Taylor and 
McLennan (1985). 
Figure 4.6 Average upper continental 	crust (UCC) - normalized 73 
multielement 	spidcrgrams 	of (A) 	avg. 	Alwar 	Group 
quartzites compared with avg. Ajabgarh Group quartzites 
(B) avg. Alwar Group metapelites compared with avg. 
Ajabgarh Group metapelites of Delhi Spergroup and (C) 
avg. Alwar basin quartzites compared with average Alwat 
basin metapelites. Normalizing values alter 	Taylor and 
McLennan (1985). 
~~'gyve4.7 Chondrite —normalized REE patterns of (A) avg. Alwar 75 
Group quartzites compared with avg. Ajabgarh Group 
tY 
quartzites (B) avg. Alwar Group metapelites compared with 
avg. Ajabgarh Group metapelites of Delhi Supergroup and 
(C) avg. Alwar Group quartzites, avg. Ajabgarh Group 
quartzites. avg. Alwar Group metapelites and avg. Ajabgarh 
metapelites compared with that of PAAS. Normalizing 
values after Taylor and McLennan (1985). 
Figure 4.8 Average chondrite- normalized REE patterns of different 	76 
formations of Delhi Supergroup of the Alwar basin. 
Figure 4.9 .A1203-Si02 graph showing Alwar basin quartzites and 81 
metapelites. Note, the data define smooth graph and the 
sediments can be considered as the product of mixing of 
quartz and illite. 
Figure 5.1 Th/Sc vs. Zr/Sc plot for quartzites and metapelites of Delhi 100 
Supergroup of Alwar basin (after McLennan et al., 1993). 
Figure 5.2 A-CN-K (in molecular proportion) ternary plot (Nesbitt and 105 
Young, 	1984) 	for 	metasedimentary 	rocks 	of 	Delhi 
Supergroup, 	of the Alwar basin 	.CaO* is the 	silicate 
fraction of rocks. Nos. I to 6 denote 	Compositional trend 
of initial weathering profile of various rock types, 	1- 
Gabbro. 2-'Ponalitc, 3- Diorite, 4- granodiorite, 5- Granite 
and 6- compositional trend 	for advance weathering 
profile. 
Figure 5.3 AK-C-N (in molecular proportion) ternary plot (Fedo et at., 110 
1995) 	for 	KCR 	elastics. 	PIA 	= 	[(A1203- 
KZO)/(A1303+CaO—NaO-Kz0)) x 100. An (Anorthite), Ab 
(Albite), Og (Oligoclase), Ad (Andesine). 
Figure 5.4 'rh1U- lb plot (Gu et al., 2002) of metasedimentary rocks 112 
of Delhi Supergroup from Alwar basin. 
Figure6.1 Discriminant function diagram (Roger and Korsch, 1988) 122 
showing plots of clastic sedimentary rocks Alwar basin. 
Most of quartzites 	are 	lying 	in 	the 	field of P4 	and 
metapelites in P3 and P4 suggesting their derivation from 
granitic — gneissic or sedimentary source area. 	Fl= (- 
1.773TiO2 	r 	0.607A120j 	+ 	0.76(FezO3)`- 	1.5MgO 	+ 
0.616CaO + 0.509Na2O - 1.224K,O - 9.09) and F2 = 
(0.445TiO2 + 0.07AI203 - 0.25(Fe203)' - 	1.142MgO + 
0.438CaO + 1.475Na2O + 1.426K20 - 6.861). P1= Mafic 
igneous provenance, P1= Intermediate provenance, P3= 
Felsic igneous provenance, P4= Quartzosc sedimentary 
provenance. 
Figure 6.2 TiOrZr plot of quartzites and metapelites of Alwar basin, 122 
Fields of various rock types after Hayashi et al., (1997). 
Figure 6.3 TiO2 versus A1203 plot for sedimentary rocks of Alwar 	123 
basin. The 'Granite line'. Granodiorote and the '3 Granite 
+1 basalt line' are from Schieber (1992). 
Figure 6.4 La-Th plot of shales and sandstone of Delhi Supergroup of 	126 
the Alwar basin. Fields of PAAS and Archaean sediments 
after McLennan et al.,(1980). 
Figure 6.5 Th/Sc versus Cr/Th plot (after Totten et al., 2000) for 	130 
elastic sedimentary rocks of Alwar basin. Most of the 
samples fall near granitic component. For reference the data 
of BGC basement end members are also plotted as BG = 
Berach Granite, (Raza et al., 2010b) T = TTG gneisses 
(Martin et al.. 2005) and M = Mafic Enclaves (Ahmad and 
Tarney 1994). 
Figure 6.6 La/Sc vs. Sc/Th plot for quarzites and metapelites of Delhi 	130 
Supergroup of Alwar basin. For reference the data of BGC 
end members are also plotted. TTG (T), Berach Granite 
(BG) and Matic rocks (M) (Data sources as in Figure 6.5). 
Figure 6.7 Th/Sc vs. Sc plot of quarzites and metapelites of Delhi 	131 
Supergroup of Alwar basin. For reference the data of BGC 
end members are also plotted. TUG (T), Berach Granite 
(BG) and Mafic rocks (M) (Data sources as in Figure 6.5). 
Figure 6.8 La-Th-Sc ternary plot for clastic sedimentary rocks of 	131 
Alwar basin. For reference the TTG (T), Granite (G) and 
mafic (M) end members of BGC are plotted. (Data sources 
as in Figure 6.5). 
Figure 6.9 REE patterns of average Alwar basin elastics (Mixture of 	135 
70 % pelites and 30% quartzite) and estimated provenance 
after mixing the end members in the proportion of 
50BG:30T:20M. source: BG- Raza et al.. (2010b); TTG-
Martin et at (2005); M- Ahmad and Tarney (1994). 
Figure 6.10 Multi-element spidergram patterns of average Alwar basin 	135 
elastics (Mixture of 70 % pelites and 30 % quartzite) and 
modeled provenance after mixing the end members in the 
proportion 50 % Berach granite (BG), 30 % Tonalite-
'I'rondhjemite-Granodiorite (T'l'G), 20 % mafic enclaves 
(M). (Data source same as in Figure 6.9). 
Figure 7.1 Si02 versus K20/Na20 discriminant diagram (Rorer and 	140 
Korsch, 1986) showing deposition of quarzites and 
metapelites of' Alwar basin in a passive margin tectonic 
setting. ACM = Active Continental Margin, PM = Passive 
Margin. ARC = Magmatic arcs. 
vi 
Figure7.2 Na2O- CaO- K20 ternary diagram of Rhatia (1983), 	140 
showing deposition of quarzites and metapelites of Alwar 
basin in a passive margin tectonic setting. 
Figure 7.3 Th-Sc-Zr/lU ternary plot of clastic sedimentary rocks of the 141 
Alwar basin. Fields A-D are after Rhatia and Crook, 1986; 
A = Oceanic Island Arc (OIA). B = Continental Island Arc 
(CIA), C 	Active Continental Margin (ACM) and D 
Passive Margin (PM). 
Figure 7.4 Ti/Zr vs. La/Sc discriminant diagram for the KCB Pelites 141 
and quartzites. Fields after Rhatia and Crook, 1986; A - 
Oceanic Island Are (01A), B = Continental Island Are 
(CIA), C — Active Continental Margin (ACM) and D 
Passive Margin (PM). 
Figure 7.5 Cartoon illustrating development of sedimentary basins of 142 
NDPB and associated magma generation. 
Figure 8.1 The contrast between Archaean and Post-Archaean REE 148 
patterns in clastic sedimentary rocks (Taylor, 1987). 
Figure 8.2 Chondrite—normalized 	REE 	patterns 	of 	avg. 148 
quartzites/sandstones of Aravalli 	Craton ranging in age 
from Meso-Archaean to late Palaeoproterozoic. Source of 
data; Naharmagra Quartzite- Raza et at. (2010a); Vindhyan 
sandstone- (20106); Alwar Basin Quartzite- Present Study. 
Figure 8.3 Geochemical parameters showing compositional evolution 152 
of upper continental crust of Aravalli Craton of North India 
Plate during the period from 2.8 Ga and 1.6 Ga. 	Note 
systematic decreasing trends shown by (La/Yb),,, (GdiYb), 
, La&Th and Cr/Sc ratios and increasing trends shown by 
K2O/Na2O and SmNd 	ratios from Mesoarchacan to 
Palaeoproterozoic 	to late Palacoproterozoic sedimentary 
rocks. Cr/Th ratio show a abrupt decrease and Rb/Sr and 
Th/se ratios show abrupt 	increase from Archaean to 
Palaeoproterozoic. The temporal change shown by different 
ratios together suggest evolution of upper continental crust 
of Aravalli craton from TTG dominated composition during 
Mesoarchaean 	to 	granitic 	dominated 	crust 	during 
Palaeoproterozoic / late Palaeoproterozoic. 
vii 
LIST OF TABLES 
Tables 	 Page No. 
Fable 1.1 	Stratigraphic sequence of Delhi Supergroup in eastern part of 	26 
Alwar basin. 
Table 2.1 	Classification and symbols of Grain types (after Dickinsons, 	41 
1985). 
Table 2.2 	Percentage of detrital minerals in quartzites of the Alwar 	11 
basin CQ=common quartz, VQ vein Quartz, RMQ= 
recrystallised metamorphic quartz, SMQ=stretched 
metamorphic quartz. 
Table 2.3 Percentage and framework modes of quartzites of Delhi 	45 
Supergroup of Alwar basin (based on Dickinson's 
Classification 1985). 
Table 4.1 Geochemical composition of Quartzites of Alwar Basin. 	83 
Table 4.2 Gcochemical composition of Metapelites of Alwar Basin. 	89 
Table 6.1 Average element ratios of Quartzites and Metapelites of 	125 
Alwar basin compared to range of ratios in similar fractions 
derived from felsic and basic sources (Cullers, 2000). 
Table 6.2 Chondrite — normalized Rare Earth Element data of average 	134 
Alwar basin olastic sedimentary rocks, basement end 
members (T=TTG; BO= Bench Granite; M= Mafic enclaves 
of BUC) and mixing results. 
Table 7.1 Summary of geochemical characteristics of provenance types 	139 
(after McLennan et al., 1993, 1995). 
viii 
INTRODUCTION 
Introduction 
The Indian plate is a part of Indo Australian plate that along with Antarctica, 
Africa and Madagascar constituted the Gondwanaland of the geological past 
(Figure!). The continental part of Indian shield consists of several terrains accreted at 
different times. These terrains contain rocks as old as 3.4 Ga. The northwestern part 
of Indian shield, referred to as Aravalli craton, is marked by the presence of NE-SW 
trending Aravalli mountain belt or ADFR (Figure 2). This belt spans for about 800 km 
from Palanpur in north Gujarat to Delhi and adjoining parts of Rajasthan state. ADFB 
is a large orogen which contains a complete record of early Proterozoic volcanic-
sedimentary sequences preserved in various isolated basins separated by Archaean 
baseman rocks (Deb and Sarkar, 1990; Roy and Jakhar, 2002) referred to as Banded 
Gneissic Complex or BGC (Heron, 1953). 1'he geological history of Aravalli Craton 
evolved through a wide span of time ranging from '=3000 Ma to about 500 Ma 
(Gopalari et al. 1990; Roy and Jakttar, 2002 and references therein). In recent years 
the ADFB has been a focus of numerous studies but its tectonic evolution and role in 
reconstruction of pre- Rodinia Columbia supercontinent during 2.1 — 1.8 Ga have 
been matter of debate (e.g. Rogers and Santosh, 2002; Zhao et al., 2002). The mafic 
volcanic rocks occurring in different Proterozoic basins within the ADFB have been 
taken as evidence for either are related, or mantle-Plume or plate- rift models (Raza et 
al., 2007; Ahmad ct al., 2008a; Khan et al., 2005). 
In this region the Archaean basement (BGC), is overlain by numerous 
Proterozoic cover sequences (Deb and Sarkar. 1990) belonging to Palaeoproterozoic 
Aravalli and Mesoproterozoic Delhi Supergroups (Figure 2). The southern part of this 
orogen is broadly constituted by various belts containing metasedimentary sequences 
of Aravalli and Delhi Supergroups. On the other hand, the northern part 
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Introduction 
of this mountain belt is considered to be entirely consisting of Delhi Supergroup 
occurring in three volcano-sedimentary basins. These are from east to west: the 
Bavana sub-basin, the Alwar sub-basin and the Khetri sub-basin (Singh, 1988). The 
first two taper towards south whereas the third one appears to extend towards south 
into SDB. Although mafic volcanic rocks of this orogen have been extensively 
studied for their geochemistry (Ahmad and Tarney, 1994; Raza and Khan, 1993; Raza 
et al., 2001a, 2007, 1993; Ahmad et al., 2008a, b), the geochemical data on 
sedimentary rocks are lacking. In some of these basins, the sedimentary rock 
sequences are excellently preserved and strati graphically well defined, thus are most 
suited for Proterozoic crustal evolution and palaeoclimatic studies. The volcano- 
sedimentary rocks sequences of ADFB have been previously thought to have formed 
during the global scale orogenic event, which existed at about 2100-1800 Ma (Zhao, et 
al., 2002). Recent studies suggest that India was a constituent landmass in the 
Columbia (e.g. Rogers and Santosh, 2002; Zhao et al., 2002). The provenance 
characteristics and tectonic environment of the sedimentary sequences of this region 
may provide important information for resolving the controversies about the tectonic 
evolution of the Aravalli craton in particular and North Indian shield in general. 
Among these basins the Alwar Basin crop out in a key area in the central part of 
NDFB and contains 1800 Ma old variably deformed and metamorphosed sedimentary 
succession consisting predominantly of siliciclastic sediments, developed in a rift 
basin (Raza et al., 2007). 
Present study involves a geochemical examination of clastic sedimentary 
rocks constituting the Delhi Supergroup occurring in Alwar basin of NDFB. 
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Introduction 
The composition of Detarital sediments is a function of complex interplay of 
various variables including source rock composition, weathering processes operating 
in source terrain, tectonic setting of depositional basin, and digenesis (McLennan et 
al., 1993). The Clastic sedimentary rocks are considered to represent the geochemical 
average of the exposed continental crust from which they were derived (Taylor and 
McLennan, 1985). Therefore, the geochemical characterization of sedimentary 
records has been used to constrain provenance composition and depositional setting 
particularly in the case of Archaean and Proterozoic sequences (Wronkiewicz and 
Condie 1987; McLennan, 1989; Cullers, 2000; Condie, 2001; Hofmann. 2005; Absar 
et al., 2009; Raza et al., 2010a, b). However, it is a rather recent trend to use 
geochemical composition of elastic sediments both as independent field of study as 
well as an important adjunct to sediment logical studies to constrain the potential 
source areas (McLennan et al., 1995: Naqvi et al.. 1988), to construct the tectonic 
setting of depositional basin (Bhatia and Crook, 1986) and to reveal possible 
Palaeoclimatic conditions (Nesbitt and Young, 1982). The geochemistry of clastic 
sediments is particularly helpful to constrain the evolutionary history of the 
provenance domain including compositional characteristics, changes in source 
lithology due to unroofing and addition of juvenile mantle material, and sedimentary 
recycling. In provenance studies the sedimentary rocks may be of two types i.e. (1) 
those having derived from local sources and (2) those having remained in river. 
marine system for a longer time before deposition as well mixed sedimentary debris. 
The latter types of sediments provide data for crustal scale processes. The importance 
of sedimentary provenance in constraining tectonic processes that have shaped 
sedimentary source regions has been recognized by many authors (e.g. Li et al., 2005; 
Payne et al., 2006). 
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Most of these studies are based on the assumption that trace elements such as 
the REE, Cr, Th, Zr, and Sc are transported from source to the site of deposition 
without significant modification due to sorting, fractionation, diagenesis or post-
depositional tectonothermal events. Since these elements are transferred virtually 
quantitatively from the upper continental crust into clastic sediments, the trace 
element geochemistry of clastic rocks has been used to determine the composition of 
source terrain. These elements include high field strength elements (HFSE) such as 
Th, Zr. Hf, Ti, Nb, V. Cr, Ga, and rare earth elements (REE). In particular Zr and Ti 
are representatives of the immobile or least mobile elements (Lowe et al.. 1999; Polat 
et al.. 2002; Polat and Hoffman, 2003). In this regard the REE are considered to be 
more reliable and have been used widely in geochemical studies of clastic 
sedimentary rocks. The degree of differentiation of LREE from I TREE is a measure of 
proportion of felsic to mafic rocks in the provenance and Eu anomalies reflect the 
processes affecting the source area such as whether the plagioclase has been 
fractionated from igneous rocks of the source terrain (Taylor and McLennan, 1985). 
The digenesis appears to have little effect on the abundances of immobile trace 
elements or on their ratios (Totten and Blatt, 1993; 'I'aylor and McLennan, 1985; Polat 
and Hoffman, 2003). As a result, the select trace elements and REEs are widely used 
as a tool in sedimentary provenance studies (Sugitani et al., 2006; Payne et al., 2006; 
Polteau et al., 2006). Therefore the concentration and ratios of trace elements have 
been proved very useful for inferences about provenance history, climate attended 
during weathering and changes in the composition of continental crust at the 
Archaean — Proterozoic boundary (Taylor and McLennan, 1985). For example, higher 
Cr/Zr and lower La/Sc and Th/Co ratios in a clastic sediment sample suggest greater 
contribution from komatiite than granitic terrain. Consequently, any change in their 
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chemical composition should reflect the changes undergone by provenance during the 
time it supplied debris to a site of sedimentary deposition. Similarly, sediments having 
low Th/U ratio suggests absence of significant recycling. In case of Archaean fine 
grained sediments the Th/U ratio reflect less oxygenating atmosphere (Taylor and 
McLennan, 1985). On a local scale such information together with classical 
sedimentological data (e.g. Paleocurrent data etc.) provides important constraints in 
the identification of source terrain and greatly helps to determine changes in climatic 
and tectonic regimes in the source terrain through geological times. On a regional 
scale the geochemical data provide useful clues to investigate the secular variation in 
the composition of continental crust. 
Moreover, the geochemistry of sedimentary rocks may greatly help in 
constraining the average upper crust composition and global crustal evolution models, 
for example the average composition of upper continental crust changed during 
Archaean — Proterozoic transition (e.g. Gibbs et al., 1986; Condie and Wronkiewicz, 
1990; "Taylor and McLennan, 1985; 1995). These authors found abrupt changes in the 
composition of sedimentary rocks at Archaean—Proterozoic boundary. For 
example,(I) an increase in the negative Eu - anomaly (2) a decrease in the normalized 
Gd/Yb ratio from >2.0 to 1.0-2.0 (3) a decrease in Sm/Nd ratio from about 0.21 to 
0.19 and (4) an increase in the Th/Sc ratio from about 0.5 to 1.0. The Archaean crust 
formation was dominated by greenstone tectonics and the crust was predominantly 
mafic in composition. The Archaean-Proterozoic transition witnessed intrusion of 
high— k granite. Therefore, the Archaean sedimentary rocks are characterized by flat 
REE pattern with no Eu- anomaly and high Ni-Cr content in comparison to their 
Proterozoic counterparts which show fractionated REE patterns with significant Eu- 
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anomaly and low Ni-Cr contents. Large production of high k-granites has been 
suggested for these changes in expense of Komatiite magmatism of greenstone 
association of Archaean. Condie (1993, 1997) related upper crustal geochemical 
changes at APT to four evolutionary changes of earth history. These are: (i) 
Komatiitic effect (ii) Tonalite-'I'rodhjemite-Granodiorite (TTG) effect (iii) subduction 
effect and (iv) weathering effect. Komatiitic effect resulted from large production of 
komatiitic magma during Archaean. These effects are reflected in the geochemical 
compositions of sedimentary rock records. For example, high Ni-Cr contents, flat 
REE patterns and positive Eu-anomaly in Archaean sediments are indicators of 
komatiite in their source terrain. The sedimentary rocks derived from 'FTG dominated 
provinces display highly fractionated REF patterns with high (La/Yb)„ ratios and Y 
depletion. During late Archaean-early Proterozoic, voluminous amount of granitic 
magmas were produced due to partial melting of metasomatised mantle wedge. In 
sedimentary rocks these characteristics are preserved in terms of less fractionated 
REE patterns and less depleted LILE in comparison to TTG derived sediments. Some 
geochemical changes across APT seem to be related to paleoweathering effects since 
intensity of chemical weathering decreased during post Archaean period. Therefore, 
the geochemical compositions of clastic sedimentary rocks can greatly help to 
constrain the crustal evolution during Archaean where the source rock will be 
subjected by erosion (McLennan, et al.. 1983; Taylor and McLennan, 1995; Cullers et 
al., 1988; Condie and Wronkiewicz 1990; Sugitani et al., 1996; Fedo et al., 1997; 
Naqvi et al., 2002; Raza et al., 2002; Hoffman, 2005; Absar et al., 2009). The 
geochemistry of sedimentary rocks has also been used to identify the tectonic setting 
of ancient sedimentary sequences (e.g. Bhatia. 1983: l3hatia and Crooks, 1986). 
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Previous work 
Although enough sedimentary record is available in Indian shield, the 
application of geochemistry to the sedimentological studies did not catch up widely. 
Despite early beginning by Naqvi and his co-workers (Naqvi and Ilussain, 1972; 
Naqvi and Rogers, 19R3 and references there in) in the field, very few geochemical 
studies have been carried out on sedimentary rock records (e.g. Srinivasan and Naqvi, 
1990; Bose, 1994; Bhushan, 1998; Raza et al., 2010a, b, 2012, 2001; Islam et al., 
2002; Tripathi and Rajamani, 2003; Chakrabarti et al., 2007). In India most of the 
work on the geochemistry of sedimentary rocks has been carried out on the Archaean 
sequences of Dharwar craton of south Indian shield (Naqvi et al., 1983; Naqvi and 
Rogers, 1987 and references therein; Naqvi at al., 2002). The present work deals with 
the major and trace element geochemistry of Proterozoic clastic sedimentary rocks of 
the Delhi Supergroup occurring in Alwar basin of North Delhi Fold Belt (NDFB). 
Although the geochemistry of mafic rocks of the Alwar basin has been examined 
(Raze et al., 2007), geochemical data on associated sedimentary rocks are not 
available in literature. The Alwar basin thus remains unrepresented in any model 
proposed for the evolution of the Proterozoic continental crust. The present study is 
the first, to report major and trace element (including REE) compositions of 
sedimentary rocks of Lower Proterozoic Delhi Supergroup from the Alwar basin of 
NDFB. 
Aims and Objective 
The present study involves geochemical and petrographical examination, 
particularly of clastic sedimentary rocks of Alwar basin (--180U Ma) with the 
following aims and objectives. 
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1. A classical whole rock geochemical investigation of clastic sedimentary rocks 
of Alwar Basin by generating geochemical data of advance nature including 
major and trace elements and REE. 
2. To constrain and locate the provenance of the sedimentary sequence of Alwar 
Basin to distinguish petrofacies as per Dickinson scheme. 
3. To reveal the weathering conditions and palaeoclimatic conditions prevailing 
during sedimentation. 
4. l'o understand the tectonic setting of sedimentary basin. 
5. To examine the applicability of geochemical data in interpreting the nature of 
continental crust particularly during the Proterozoic time. 
6. The implications of these data along with available geochemical data of older 
Archaean and younger middle Proterozoic sedimentary rocks of the Aravalli 
craton for evolutionary trends of early crust in northern part of Indian shield 
through geological times. 
1.4 Scope and limitation of present study 
The present study deals with geochemical and geodynamic aspects of 
metasedimentary rocks occurring in central part of the Alwar basin of NDFB, 
covering northeastern parts of Rajasthan state of India. The study area is an important 
depocentre zone within the northern part of Aravalli mountain belt. New geochemical 
data of advance nature for quartzites and metapelites of Delhi Supergroup of Alwar 
basin are generated and reported for the first time. The geochemical data are utilized 
to obtain new information about provenance, tectonic setting, weathering history and 
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depositional environment of Alwar basin sedimentary fill. The implication for 
evolution of continental crust at Archaean- Proterozoic boundary and continent 
assembly are further discussed. 
The thesis includes extensive studies carried out to understand the field 
relations and petrographic study of metasedimentary rocks of different formations of 
Delhi Supergroup occurring in Alwar Basin. The results have been discussed and 
concluded in the form of various variation diagram and have been correlated with 
various petrogenetic models proposed worldwide for metasedimentary rocks of 
Precambrian shield areas around the globe. 
Although, the geochemical approaches to draw interpretations regarding 
provenance and tectonic setting are helpful, they lack a specific applicable 
methodology that can be applied. Several geochemical ratios, plots and trends have 
been proposed, but have either been too broadly applied or too narrowly constrained. 
It has been generally accepted that geochemical discriminants can identify features 
not readily recognized by petrography. Therefore, geochemical parameters have been 
successfully used to constrain the potential source areas and to reconstruct tectonic 
settings of depositional basins. 
Organization of the thesis 
The work is presented in nine chapters: 
Chapter 1: Deals with the general geological set-up of Aravalli cratonic block and 
stratigraphy of Alwar basin of North Delhi Fold Belt. 
Chapter 2: Contains details of petrographical study carried out on quartzite (meta-
arenite) of Alwar basin. 
Introduction 
Chapter 3: Describes the procedure adopted in sampling, sample preparation and 
techniques used for geochemical analysis of different sedimentary formations. 
Chapter 4: Contains results of geochemical analyses and detailed discussion on 
geochemical characteristics of quartzite and metapelites of Delhi Supergroup of 
Alwar basin in terms of major, trace and Rare Earth Elements. 
Chapter 5; Present discussion on geochemical data of clastic sedimentary rocks of 
Alwar basin and relevant interpretations regarding surface processes such as sorting, 
quartz dilution, chemical weathering and palaeoclimatic conditions. 
Chapter 6: Deals with provenance characterization including source area modeling of 
Alwar basin sedimentary sequence using geochemical data. 
Chapter 7: Presents discussion and relevant interpretation on tectonic environment of 
sedimentary sequence of Alwar basin and implication for continent assembly using 
geochemical data, 
Chapter 8: Contains discussion on crustal evolution at Archaean-Proterozoic 
boundary. 
Chapter 9: The summary and conclusions are presented in the last chapter. 
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1.1 General Geology of Aravalli Craton 
Peninsular India is a shield consisting of four composite, consolidated and 
rigid blocks which evolved during the Archaean (Figure 1.1). These four cratonic 
blocks are: the Dharwar Craton in the southern India, the Bastar craton in the central 
India, the Singhbhum Craton in the eastern India and the Aravalli-Bundelkhand craton 
in the northern India. These Craton have Palaeoarchacan nuclei, 3310 to 3560 Ma in 
age, comprising granite gneisses and basic-ultrabasic rock complexes (Nagvi and 
Rogers, 1987). 
The northwestern segment of Indian shield referred to as Aravalli craton, 
incorporates a wide variety of lithologic and tectonic units representing Archaean 
basement blocks. Proterozoic fold belt of different generations, large undefonned 
sedimentary basins and Proterozoic igneous suites (Figure 1.2). The geological history 
of this cratonic block evolved through a wide span of time ranging from >3000 Ma to 
about 550 Ma (Gopalan et al., 1990; Roy and Jakhar, 2002 and references therein). On 
the basis of teetono-lithological characteristics the region may be broadly divided into 
following domains (Roy, 1988; Gopalan et al., 1990; Deb and Sarkar, 1990; Ahmad 
and Tarney, 1994; Wiedenbeck et al., 1996; Ray et al., 2002; Deb and Thorpe, 2004; 
Ahmad et al., 20086). 
1. 	Banded Gneissic Complex Basement (3500-2500 Ma, U-Pb Zircon; Sm-Nd). 
2. The Aravalli Supergroup supracrustals (2500-2000 Ma, U-Pb Zircon, Pb-Pb 
(ialena, Sm-Nd, Rb-Sr). 
a. Udaipur- Jharol belt 
b. Bhilwara belt 
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3. 	The Delhi Supergroup Supracrustals rocks (1800-1000 Ma, Pb-Pb Galena, U- 
Pb, Zircon). 
a. South Delhi belt 
b. North Delhi belt 
4. 	Vindhyan basin (1600 Ma. Rb-Sr glauconite, U-Pb, Zircon of tuffs, Pb-Pb 
limestone). 
811°t, 	a 	gnu 	.1(111 	(0u 	800km 
C 
ARAVALLI ~a•><~~ 
BUNDELKHAND 
~Iln_~urmadalineamcot 
 T ioc CJ-V 
C cntrnl Indian Tectonic  
SlN(3llBu1lM 
BA ST.~ R 
20°N 
I)II AR WAR 
TA~lI1.:VADI. 
-KERAI.A 
8o-I:. 
1iurb Indl.. fr.lu. (SIC) - DI.r•..,. D•.r.r & SI.thhh.m bI, k. V.,i lb I.dl.n fr.lan IYICI - A,,.11. ..d S..drIk .nd bb.. 
A 	A r h...l. 
M.Jnr N.U.llnr.m r.t. 
1... r I. •  1~ r . e.1111 It..•11b11 
Figure 1.l Map of India showing tectonic architecture of the Indian shield. Note that a major 
tectonic zone referred to as Central Indian Tectonic Zone (CITZ) marks a tectonic boundary 
between the Northern (NIC) and Southern (SIC) parts of the shield. NEC = North Indian 
Craton, SIC = South Indian Craton. Great boundary fault separates the Aravalli and 
Bundelkhand blocks of NIC. 
1 
E 
ceo(ogicadSetting of thie)7rea 
75 	 N 	
770 
• r. DEL 	 DELHI Y:' 	• 
pçp-. 	 1 28° 
~xHE 
< 	• 
	
JAIPUR 	 BA1'AN A 
• ~. 	S 	 L_ALSOT• JODHPUR . 
I 	 ® 	26° 
PHUL. 
DESL'R]6 • 
R NAKPUR  
STRO HI  
0 	50 
• 1 	 C ii I I[)RG_ARH 	.X' 
• O Km 
\IP 
O1 rnoc  	SOUTH DELHI FOLD BELT rcmc r.rx~r, 
crcrc • rrrrc 	 G0~ 	 NORTH DELHI FOLD BELT rrrt -pct 
BHILI\"ARA LDAIPt R JELAROL 	 240 
rc 	
I  .C1t 
r cc 
n
or, rrccMtx~Ft 	 j 	 _ BE RACH GRANITE r..crc 	r rcrrnor.  rnr. 1 rrrmrt -rrr J 
~
crrrrrr.^rr 	` crcrrrrr. rr.  
rrrrrnrrrrrl 
mrrr -rncrrrrr 75 73 	rrrrrnrrrrr 
0 
	 77° 
l
mrrrrrrrrrrr 
nrrrrrrrrorrn 
I igure I.2 (;eoIozical map of Aravalli Craton showing distribution of Aravalli - Delhi
Supracrustals sequences. large sedimentary basins, and basement complex. After Roy (1988). 
15 
qeolagua(Setting of tleArea 
1.2 Banded Gneissic Complex Basement 
The BGC basement consists of gneisses, granitoids, amphibolites and 
metasediments. The biotite gneisses are the most extensively developed lithological 
components followed by granitoids, The later two types are minor components 
occurring as enclaves of variable sizes. Sinha-Roy (1985) suggested that these 
enclaves represent vestiges of a dismembered greenstone sequences. The gneisses of 
BGC are distinguished as TTG which have yielded a Srn)Nd isochrone age of 3307 
Ma (Gopalan et al.. 1990), single zircon microprobe age of 328 t±3Ma (Wiedenbeck 
and Goswani, 1994) and zircon evaporation age of 3230 Ma (Roy and Kroner,1996). 
1.3 The Paleoproterozoic Aravalli Supergroup Supracrustals 
The Aravalli Supergroup, comprising volcanic and sedimentary rocks, is 
developed in two adjoining basins (Figure 1.2). First, a wedge shaped northward 
tapering area around Udaipur city referred to as Udaipur — Jharol belt and second, a 
V-shaped basin tapering towards south around Rhilwara and referred to as Bhilwara 
belt. The I Jdaipur-Jharol belt represents two separate segments of a Palaeoproterozoic 
coupled basin (Roy and Paliwal, 1981). The base of shallow water Udaipur basin is 
marked by locally developed thin polymictic conglomerate unit overlain by a 
sequence of quartzite and talk and ultramaJic volcanics rocks (Ahmad and 
Rajamani, 1991; Raza and Khan, 1993). Deb and Thorpe (2004), consider 2150 Ma 
the age of initial rifting of the BGC basement and eruption of the basal Aravalli 
volcanic sequence between 2075 and 2175 Ma. 
The Nd isotope data of Ahmad et al., (2008b). suggest an age of 2300-1800 
Ma for the basal Aravalli volcanism. The deep water Jharol sub-basin contains 
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interlayered mafic volcanics and quartzite at the basal part of the sequence. The upper 
part comprises a melange of phyllite. cherty quartzite, mafc-ultramafic suites and 
slices of ultramafic bodies indicating a tectonic emplacement. The assemblage is 
considered as both abducted tectonized ophiolite (Sinha-Roy, 1984; Sudgen et 
al.,1990), probably related to closure of Jharol oceanic/transitional basin (Abu 
Hantatteh et al,1994; Ahmad et al.,2008b), or intrusive mass emplaced during 
Aravalli basin closing event. The boundary between shallow water and deep water 
assemblages is marked by a linear zone of ultramafic rocks known as the Rakhabdev 
lineament, 
The Bhilwara belt contains a number of NE-SW trending linear sub-belts 
comprising volcanic—sedimentary sequences equivalent to the Aravalli Supergroup. 
This belt has been considered as Proterozoic atdacogen by Deb (1992) and as pull-
apart basin by Sinha-Roy (1989). The stratified galena occurrences of this belt have 
yielded Pb-Pb model ages ranging from 1792 to 1813 Ma (Deb and Thorpe, 2004). 
1.4 The late Palanproterozoic Delhi Supergroup Supracrustals 
The Delhi Supergroup Supracrustal rocks constitute a linear volcano-
sedimentary belt which extends all along the western margin of ADFB from Gulf of 
Cambay in the northwest to Delhi in the northeast. It is narrow near the centre (—I0 
Km) and wide towards the two ends, being more than 200 Km wide north of Ajmer 
(Figure 1.2). The belt is broadly divided as South Delhi Fold Belt (SDFB) and North 
Delhi Fold Belt (NDFB) occurring to the south and north of Ajmer city respectively. 
However, the rocks of these two sub-belts show mark differences in various 
characteristics such as volcanic/sediment ratio, nature of mafic-ultraniafic rocks, base 
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metal mineralization and related sulpher and lead isotopic ratios and the ages of 
granitic intrusions (Deb and Sarkar,1990). However, some workers claim continuity 
of Delhi Supergroup rocks from south to north based on continuous lithostratigraphy, 
similar structural history and metamorphic patterns (Singh, 1988; Naha et. al., 1984, 
Sharma, 1988). Heron (1953) divided the rocks of the Delhi belt into two units: the 
lower Alwar Series and the upper Ajabgarh series now referred to as groups. The 
Alwar Group is dominantly arenaceous and is represented by phyllites — schists, 
arkosic quartzite, amphibole quartzite, marble etc. '[he Ajabgarh Group is 
characteristically calcareous and argillaceous with a large amount of volcanic 
products. However, this simple classification of Delhi Supergroup has been 
questioned by various workers (Dasgupta, 1964; Sea, 1981). 
1.41 South Delhi Belt 
The southern part of Delhi belt referred to as South Delhi belt extends from 
Abu Road in the south to just north of Ajmer. The belt contains carbonate facies 
rocks, mafc-ultramafic volcanics, and mare plutonic rocks such as gabbro, and 
leucogabbro and felsic volcanites. The felsic plutonic rocks range in age from 850 Ma 
to 750 Ma (Gopalan., 1990). An ophiolitic association comprising pillowed basalts, 
layered gabbro, serpentenites, pyroxynite and sometimes sheeted dykes and andesites 
occurs as a linear zone along the entire length of South Delhi belt (Khan et al., 2005). 
The rocks of South Delhi belt are regionally metamorphosed upto amphibolite 
facies metamorphism (Sharma, 1988). However, in the northern part of the belt, a 
green schist facies metamorphism is encountered for example around Ambaji — Deni 
and Basantgarh areas. The SDB is characterized by presence of polymetallic sulphide 
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ores which occur in Ambaji-Deri, Basantgarh — Pipela — Golia and Rirantya areas. 
Tungsten mineralization related to post-Delhi granite is noted in the Degana, Balda 
and Phalwadi — Positara areas (Deb and Sarkar, 1990). 
Recently, Deb et al. (1989, 2001) showed that VMS type ores in south Delhi 
belt are about 1000 Ma old terrain in contrast to 1800 Ma age of deposits occurring in 
North Delhi belt. They further reported that the western margin of this belt is 
constituted by the volcano-sedimentary host rocks of these VMS deposits and named 
this 1000 Ma terrain the Ambaji — Sendra belt. I'he rest of the South Delhi belt 
occurring cast of Ambaji — Sendra belt is considered to be an age equivalent and 
possible extension of North Delhi belt toward south of Ajmer (Deb and Thorpe, 
2004). 
1.42 NorthDelhi Belt 
The northern part of Delhi belt, occurring to the north of Ajmer is constituted 
by three sedimentary sub-basins. These are from east to west: the Rayena sub-basin, 
the Alwar sub-basin and the Khetri sub-basin (Singh, 1988). The first two taper 
towards south whereas the third one appears to extend towards south into South Delhi 
belt. However, this idea is in debate (Roy and Iakhar, 2002 and references therein). 
These sub-basins developed as grabens in a gneissic basement and sedimentation was 
largely controlled by vertical tectonism. The volcano-sedimentary infills of these 
basins have been classified into Alwar and Ajabgarh groups (Heron, 1953) in each 
basin. However, they bear differences in their stratigraphic development (Singh, 
1982a). The sedimentation in north Delhi belt commenced with carbonate shelf 
deposits in two isolated areas followed by coarse clastic sediments of Alwar Group 
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(Singh, 1988). The Ajabgarh sedimentation took place in multi-lagoonal tidal flats, 
frequently interrupted by sub-aqueous volcanism. Studies on sedimentation in the 
Khetri area suggest a shallow marine (locally even evaporitic) environment 
(Dasgupta, 1978; Sarkar and Dasgupta, 1980). 
The reported ages of intrusive granitic plutons of North Delhi belt are from 
1500 to 1700 Ma (Chaudhary et al.. 1984), 1710-1780 Ma (Biju-Sekhar et al., 2002, 
2003), 1710-1765 Ma and 1660-1711 Ma (Kaur et al., 2006, 2007). Recently, on the 
basis of their geoehronelogical database. Deb and Thorpe (2004) have suggested that 
there was isochronous development of Aravalli, Bhilwara and NDFB sedimentary 
sequences at about 1800 Ma. Their interpretation is based on Pb-Pb model age 
mapping of galena from stratiform deposits in each of these belts. The North Delhi 
belt hosts several ore deposits, such as the Khetri copper deposit, the Saladipura pyrite 
— pyrrhotite deposit, the Kho-Dariha copper deposit and the Tosham tin prospect. 
1.5 The Mesoproterozoic V indhyan basin 
Like many other shields of the world, the Indian shield is characterized by the 
presence of several non-linear sedimentary basins of Proterozoic age collectively 
referred to as Purana Basins. The largest among these is the Viudhyan basin of north 
Indian shield (Venkatachala, et al..1996) 	lying unconformably on the stable 
Bundelkhand block in front of the Satpura fold belt in the south and Aravalli fold belt 
in the west (Figure 1.2). This basin covers an area of about 178,000 km2 (Tandon et 
al., 1991). The age of deposition in the Vindhyan Basin has long been debated due to 
the absence of reliable fossils suitable for biostratigraphic dating. However, after the 
report of interesting but debatable fossils (Azmi, 1998; Seilacher et al., 1998) from 
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lower sedimentary units of the basin the age of Vindhyan sedimentation has been 
assigned by radiometric means. The available radiometric age data (Kumar. 2001 
Ray et al., 2002, 2003; Rasmussen et al., 2002a; Ray et al., 2003; Sarangi et al., 2004; 
Ray,2006) suggest that the Vindhyan sedimentation was initiated at about 21600 Ma. 
The western margin of' the basin is marked by a major lineament called as Great 
Boundary Fault Zone (GBFZ) which separates the rocks of Vindhyan Supergroup 
from those of Archaean basement called as Banded Gneissic Complex (Heron, 1953) 
or (BGC) and its Proterozoic Supracrustals. In south eastern Rajasthan, the lower 
Vindhyan Group (LVG) rests directly on the BGC. It consists predominantly of shales 
and sandstones with minor amount of limestone and conglomerate and well developed 
syn-sedimentational mafic volcanics at the base (Prasad. 1984; Raza et al., 2001a; 
2009). The detail geology of the area has been worked out by Prasad (1984). The 
stratigraphic succession of the I,VG is unequivocally, equivalent to the Semri Group 
of central India. 
1.6 Geology of the Aicar Basin 
The present study area is part of AIN ar basin that constitutes the central part of 
NDFB covering parts of north eastern Rajasthan. The NDFB, which occurs as a 
considerably narrow linear belt in south and central Rajasthan, fans out over a wider 
zone in north eastern Rajasthan (Figure 1.2). This fanning resulted because in this part 
of Delhi basin sedimentation took place in several partially isolated depositaries 
(Singh, 1982a). Alw•ar basin formed one such depocentre which was separated from 
Bavana in the east and Khetri basin in the west by Pre-Delhi basement complex 
(Figure 1.2). The area of present study constitutes the eastern part of Alwar basin 
(Figure 1.3). 
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The rocks generally show it maximum of middle amphibolites facies 
metamorphism. Although several workers have described the stratigraphy, structure 
and economic potential of NDFB (e.g. Heron, 1917; Sant,1963, 1964; Sant and 
Sharma, 1965, 1973; Bakliwal,1978; Bakliwal and Ravindra,1979), a detailed account 
of stratigraphy and sedimentological aspects of' Delhi Supergroup of Alwar basin in 
Rajgarh area has been given by Singh (1982a). The rock types found in the belt are 
chiefly sedimentary metamorphites comprising various types of schists, phyllites 
interlayered with massive quartzite. conglomerates, marbles, and amphibolites. The 
metasedimentary fill of the Alwar basin is divided into the Raialo (mafic volcanics, 
marble quartzites) the Alwar (dominantly arenaceous) and the Ajabgarh (argillaceous 
and calcareous) Groups (Table 1.1). 
The Alwar basin as a whole is filled- up with —6000 in thick package of 
volcanic and sedimentary rocks comprising eleven formations. The lower most three 
formations are included in Raialo Group, overlying four formations in Alwar Group 
and the upper most four formations in Ajabgarh Group (Singh, 1982a). These groups 
are further divided into formations (Table 1.1). Although, the stratigraphic 
relationships between the various lithological units are not clear, the sequence is 
divided into the Alwar (dominantly arenaceous) and the Ajabgarh (argillaceous and 
calcareous) Groups (Table 1.1). The rock types found in the basin are chiefly 
sedimentary metamorphites comprising various types of schists, phyllite interlayered 
with massive quartzite, metagreywacke. marbles, calc-silicate rocks and amphibolites. 
1.6.1 Raialo Group 
The basal formation of Raialo Group of Delhi Supergroup, referred to as 
Dogeta Formation, consists predominantly of thick dolomite marble with subordinate 
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GEOLOGICAL MAP OF RAJCARH NORTH EASTERN RAJASTRHA (after Singh,1982) 
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Figure. 1.3 Generalised geological map of Rajgarh area, northeastern Rajasthan. i. Pre-Delhi Basement 2. Dogeta Formation (Marble 
►\ith lenses of Quartlite) 3. Serrate Quartzite 4. Tehla Formation (A. Volcanic B. Quartzite C. Schist), 5. Rajgarh Formation (A. 
Conglomerate, B. Quartzite) 6. Kankw+arhi Formation,'. Pratapgarh Formation, (A. Quartzite. B. Schist) 8. Kushalgarh Formation 9. 
Seriska Formation 10. Thanagazi Formation. II. Bharkol Formation, 12. Aravali•Mandhan Formation. 
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amount of conglomerate. quartzite. phyllite and schist. Interbedded conglomerate-
quartzite- marble sequence occurring at the base of this formation shows frequent 
facies change. The Dogeta Formation is overlain and overlapped by white clean 
washed quartzite in which bedding and cross bedding are poorly preserved. However, 
cross bedding and ripple marks are common and well developed in arkose, feldspathic 
quartzite and even in siltstone. A thick sequence of interlayered basaltic flows and 
olastic sedimentary rocks referred to as Tehla Formation, is considered as uppermost 
formation of Raialo Group by Singh (1982a). However, in the present study this 
volcano-sedimentary sequence is considered as equivalent to Nithar Formation of 
adjacently lying Bayana basin (Singh, 19826) and thus is included into Alwar group 
as its basal formation. The mafc volcanic rocks of Alwar volcanics occur in the form 
of massive to vesicular lava flows, pyroclastic breccia, agglomerate, spatter, chert 
beds and tuff. Pillow lavas and pillow breccia are the common features. These 
volcanics, along with intercalated sandstone, siltstone and minor conglomerate attain 
a maximum thickness of about 2000 in in Tehla section with cumulative thickness of 
volcanics up to 1700 m. A maximum of 16 flows have been identified (Banerjee and 
Singh. 1977). The volcanic rocks are mostly fine to medium grained, dark gray to 
greenish black in color. 'fhe vesicles are generally circular and up to 5 lout but rarely 
up to 30 mm in diameter. 
1.6.2 Alwar Group 
Alwar Group unconformably rests over the rocks of Tehla Group or oversteps 
on to the Pre-Delhi basement. The Alwar Group is divided into three formations. 
These are the Rajearh Formation, the Kankwarhi Formation and the Pratapgarh 
Formation in order of decreasing age. The Rajgarh Formation consists predominantly 
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of quartzite and polymictic conglomerate .At the base of the sequence the 
conglomerate occurs as discontinuous lenses and at higher stratigraphic level it occurs 
as layers interbedded with quartzites. In general the conglomerate contains granite 
derived phenoclasts including those of quartz, pink feldspars, quartz- tourmaline rock 
and pegmatite. The size of phenoclasts varies from few millimetres to more than 50 
cm with average size ranging between 2 cm and 6 cm. The matrix of conglomerate is 
normally composed of quarzo- feldspathic material. The Upper part of Rajgarh 
Formation contains feldspathic quartzite which contain abundant sedimentary 
structures including cross stratification (Figure 1.4, 1.5 and 1.8) and ripple marks 
(Figure 1.6 and 1.7). The upper part of this formation shows a fining upward sequence 
which finally grades to feldspathic quartzites of Kankwarhi Formation. The Rajgarh 
Formation attains a maximum thickness of about 1200 m in western part of' the area. 
The Kankwarhi Formation consists of quartz-sericite schist, thinly bedded 
schistose quartzite and metasiltstone. In study area maximum thickness is about 200 
m. The uppermost Pratapgarh Formation is exposed in a small area north of Tehla-
Rajgarh road. It contains massive quartzite with faint cross stratification (Figure 1.9) 
in the lower part and quartz- sericite schist in the upper part. 
1.6.3 Ajabgarh Group 
The Alwar Group disconformably overlain by a thick sequence, predominantly 
comprising pelitic rocks referred to as Ajabgarh Group. Five formations constitute the 
Ajabgarh Group. The lowermost Kushalgarh Formation, consisting quartzite- phyllite 
sequence with tuff layers in the eastern part of the area, gradually grades to carbonate 
fades towards west where calc-gneiss and metabasic rocks are also found associated 
with this sequence. The maximum thickness of this formation is about 200 m. 
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Tablel.l: Stratigraphic sequence of Delhi Supergroup in eastern part of Alwar basin 
(Singh, 1982a). 
Group Formation Lithologv Max. Thickness 
Ajabgarh 
Arauli- Carbonaceous 	phyllites 	with 	thin 80 m 
Mandan intercalations of grey quartzites 
Bharkol Quartzites, phvllites and schists 150 Ill 
Thana Carbonaceous phyllites, thin bands of 150 m 
Ghazi grey brecciated quartzites grey marble. 
Seriska Ferrugenous quartzite, siliceous marble, 150 m 
thin bands of phyllite 
Siliceous 	marble, 	calc 	gneiss, 
Kushalgarh amphibolites, 	amphibole 	quartzite, 200 m 
phyllite, quartzite 
Aiwar 
--------------------------------------u n confo rm itv---------------------------------------- 
Pratapgarh 	Quartz- sericite schist, massive quartzite, 
minor conglomerate 
900 in 
250 m 
1200 m 
Kankwarhi 	Quatz- sericite schist, schistose quartzite, 
siltstone and marble 
Rajgarh Arkose and feldspathic quartzite 
polymictic conglomerate 
----------------------------------------------unconformity --------------------------------------- 
Tehla 	ylafic flow with conglometate, quartzite, 	2020 to phyllite, marble and calc gneiss 
Raialo 	Serrate 	Quartzite, conglomerate and sericite schist 	300 nl quartzite 
Dogeta 	Marble, thin quartzite , schist and phyllite 	900111 
interbeds. conglomerate 
-------------------------------------------Major Hiatus ---------------------------------------
Pre- Delhi Basement Granites, pegmatites, schists, marble, shales phyllite, 
quartzite, amphibolites and Banded Iron Formations 
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The Kushalgarh Formation is overlain by Seriska Formation comprising 
ferruginous spongy quartzite containing lenses of marble and pltyllite. At most of the 
places the quartzite is brecciated. This quartzite contains ripple marks and ill 
preserved cross stratification. 
The overlying Thanaghazi Formation consists of grey siliceous marble at the 
base and carbonaceous phyllites in the upper part. While quartzites are brecciated, the 
phyllites are laminated and cross laminated. 
The overlying sequence comprising interbedded quartzite, phyllite and schist 
is referred to as Bharkol Formation. The uppermost Arauli- Mandhan Formation 
consists of carbonaceous slate and phyllite with subordinate grey quarzites and 
schists. Sedimentary structures are not found in these sediments. 
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Figure 1.6: Field Photograph of Symmetrical ciri.aI ripple marks near Machari, Rajgarh. 
Figure 1.7: Field Photograph of Asymmetrical ripple marks near Macirari, Rajgarh. 
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. Pte- 	. 
Figure I .B: I field Photograph of I rough cross stratification in Rajgarh quartzite, near 
Almoda. 
L 
Figure 1.9: Field Photograph of Planner cross stratification in Pratapgarh quartzite, 
near Khori I.akharni. 
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CHAPTER 2 
PETROGRAPHY OF QUARTZITE 
(META-ARENITES) OF 
AL WAR BASIN 
[Petrography of Quartzite (9deta-fl  renites) ofAfwar [Bassin 
2.1 Introduction 
Mineralogical studies provide very important information pertaining to 
provenance of sandstone. Sandstones are mixtures of mineral grains and rock 
f agments coming from naturally disintegrated products of erosion of rocks of diverse 
composition and types. Sands of composite provenance can be described as mixture 
of quartzose sand from stable cratons, quartzo-feldspathic sand from basement uplifts 
or arc plutons, feldspatholithic sand from arc volcamcs and quartzolithic sands of 
several types from different kinds of recycled orogens that yield varying proportion of 
quartzose and Ethic grains (Dickinson, 1985). The detrital composition of sandstone is 
controlled by several factors such as character of the sedimentary provenance, 
tectonic setting (Dickinson and Suczek, 1979; Ingersoll and Suczek. 1979; Dickinson, 
1985 and Valloni, 1985), transport mechanism (Luchhi, 1985) and effect of climate 
(Base, 1985; Sutter and Dutta, 1986 and Girty, 1991). 
Minerals may he destroyed or altered by the weathering or during 
transportation en-route to the sedimentation site or by diagenesis. The key relation 
between provenance to basin are governed by plate tectonics, which thus ultimately 
controls the distribution of the different types of sandstones. (Dickinson and Suczek, 
1979; ingresoll and Suczek. 1979; Dickinson, 1985; Valloni, 1985), transport 
mechanism (Lucchi, 1985; Velbel, 1985). effect of climate (Suttner, 1974; Mack, 
1984; Basu, 1985; Stainer and Dutta, 1986; Akhtar and Ahmad, 1991) and diagenetic 
modification (McBride, 1985; Akhtar et al., 1992; Ahmad and Rhat, 2006; Ahmad et 
al., 2008). Source and tectonic setting of sandstones can be determined by detrital 
modes. In present study the petrographic study has been carried out on thin sections of 
quartzites of Delhi Supergroup, from the Alwar basin to determine their detrital 
composition. The mineralogical composition is used to constrain the provenance 
characteristics and tectonic setting of Alwar basin clastic rocks. 
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2.2 Method of stud-*- 
1'o determine the detrital mineral composition of quartzite samples of Alwar 
basin, both qualitatively and quantitatively. 48 samples were studied under the 
microscope. These include 11 samples from Tehla Formation, 22 from the Rajgarh 
Formation, 4 from the Pratapgarh Formation, 3 from the Kushalgarh Formation, 3 
from the Seriska Formation and 5 from the Thana Ghazi Formation. The samples 
were selected in such a way so as they cover uniformly, both laterally and vertically. 
the outcrops of six formations. For quantitative analysis about 150-200 points per thin 
section were counted for determining the mode composition of rocks under 
investigation. Terminology of Krynine (1940) and Folk (1980) was adopted for 
describing several varieties of quartz and other framework constituents. Dickinson 
(1985) classification scheme for sandstone has been employed for the purpose of 
interpreting their provenance and plate tectonic setting. The detrital modes were 
recalculated to 100 as the sum of Qt, Qm, Qp, F. P. K, L, Lt, Lv and Ls (framework 
mineral composition). The process was first proposed by Crook (1974) which was 
later modified by Dickinson et al., (1983). Petrofacies analysis can furnish vital clues 
regarding the provenance and its tectonic setup, source rock composition, role of 
climate, relief, transport and digenesis (Dorsly, 1988; Critelli and Ingersoll, 1994). In 
turn these clues can be applied to interpret correctly the tectono-sedimentary 
evolution of geo-province and its sedimentary cover (Schwab. 198 1; Dickinson et al., 
1983; Mack, 1984; Graham et al., 1993 and Lowe, 1995). Many studies have pointed 
to an intimate relationship between detrital sand composition and tectonic setting 
(Crook. 1974; Ingersol, 1978. Potter, 1978: Dickinson and Suczek, 1979. Ingersoll 
and Suczek, 1979; Dickinson and Valloni, 1980; Schwab, 1981; Bhatia, 1985; 
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Dickinson, 1985. Bhatia and Crook, 1986; Schwab, 1986; Decelles and Hertel, 1989; 
Cox and Lowe, 1995; Ahmad and Bhat, 2006). 
The proportion of detrital framework grains, plotted on triangular diagram, 
provides effective discrimination of a variety of plate-tectonic settings and has been 
used as a powerful tool for determining the origin and tectonic reconstruction of 
terrigenous deposits (Graham et al., 1976; Dickinson. 1985). But sometimes 
correlation between tectonic setting and sandstone petrofacies does not hold good due 
to various factors that influence the detrital mineralogy (Ingersoll, 1990; Jhonson 
1993). The tropical warm and humid climate aided by low relief is the most effective 
agent of modification of original detrital compositions by intense chemical, 
weathering (Basu, 1985; Girty, 1991). Other modifying agents are sediment transport 
across tectonic boundaries and their deposition in tectonically alien basin (Velbel, 
1985; Lucchi, 1985), varying tectonic style at provenance and mixing from two 
sources (Ingersoll, 1990), sediment recycling (Cox and Lowe, 1995), sediment 
reworking in depositional environment (Espejo and Gamundi, 1994) and diagenesis 
(McBride, 1985). These factors must be taken into account at the time of interpreting 
provenance and tectonic settings (Mack, 1984; 7uffa, 1985). Hence, it is necessary to 
synthesize the petrofacies for a logical identification of tectonic provenance. 
Dickinson (1985) grouped the provenance related to continental sources into four 
major types: stable eratons, basement uplifts. magmatic arcs and recycled orogens. 
2.3 Detrital mineralogy 
The detrital content of studied quartzites (meta-arenites) is mainly composed 
of several varieties of quartz followed by feldspars and mica. Average detrital 
mineralogy in the studied rocks includes monocryslalline quartz (73.06 %), 
polycrystalline quartz (18.4 %), feldspar (3.5 %), and mica (5.0 %). 
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2.3.1 Quartz 
Quartz is the most dominant constituents and its varieties have been 
recognized on the basis of Folk's (1980) classification. Most of the quartz grains are 
monocrystalline along with some polycrystalline quartz grains. The monocrystalline 
common quartz generally shows undulatory extinction. Polycrystalline quartz grains 
posses both sharp and sutured intercrystalline boundaries. The varieties recorded are: 
common quartz (72.51 %), vein quartz (0.55 %), recrystallized metamorphic quartz 
(6.30 %) and stratched metamorphic quartz (12.4 %). 
Common Quartz It is the dominant constituent and forms 8.72 to 100 % by 
volume with an average of 72.51 %. The common quartz grains occur as subaquant 
and mostly subangular to subrounded grains. The grains are monocrystalline (Figure 
2.1 A) and present a clear appearance having inclusions of tourmaline, mica and 
opaques. The grains show straight to slightly undulose extinction, 
Vein Quartz It constitutes 0.91 to 10.47 %, with an averages at 0.54 % of the 
detrital fraction. It occurs commonly in the form of monocrystalline grains and 
occasionally as semicomposite grains which were designated as pseudo' 
polycrystalline quartz grains by Pcttijohn eta]. (1972). These grains show parallel 
arrangement of subindividual but not quite in optical continuity and have straight to 
slightly undulose extinction. Monocrystalline grains have abundant vacuoles giving 
cloudy appearance. 
Recrystallised Metamorphic Quartz Recrystallised metamorphic quartz 
comprises 0.91 to 10.47 % and averages at 0.54 % of the total detrital constituents. It 
occurs in the form of polycrystalline grains of line to coarse size and equant to 
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subaquant shape. The grains are made up of a mosaic of microcrystalline to Fire 
grained sub-individuals. The sub-individuals are equidimentional with straight 
boundaries and widely different optical boundaries. In some recrystallized 
metamorphic quartz grains sub individual are polygonal in shape and hence 
`polygonized' quartz (Folk, 1980). 
Stretched Metamorphic Quartz It constitutes 2.4 to 96.7 % and averages at 
6.30 % of the detrital fraction. It occurs as a polycrystalline grains which are mostly 
made of elongated and lensoid sub-individuals of micro-quartz and fine grained 
quartz. The sub-individuals are in sub parallel to almost parallel orientation with 
smooth and sutured boundaries along which tiny mica flakes. The sub-individuals 
show highly undulose extinction. Sometimes the sub-individuals occur independently 
as monocrystalline grains which are easily recognized and distinguished from 
monocrystalline `common' quartz by characteristic features, such as elongated and 
lensoid shape, abundant healed features and highly undulose extinction. 
2.3.2 Mica 
Both muscovite and biotite (Figure 2.1 B) occur as tiny to large elongate 
flakes with frayed ends. The percentage of mica range from 0.23to 18.48 % percent 
and averages at 15.37 %. Detrital mica grains belong to two varieties and are brown 
and green coloured. Detrital mica grains were recognized both as their relatively large 
size and defined detrital boundaries. Some of the mica grains appear to have been 
formed by recrystallization of clay minerals during deformation (Tyagi 1980). In 
addition, detrital mica grains usually show the effect of compaction. Such grains, are 
seen to occur around the adjacent quartz grains. Chlorite occurs along with unaltered 
biotites as well as separately with opaques. 
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2.3.3 Feldspar 
Feldspar constitutes 0.91 to 10.47 % with an average of 0.54 %. Three 
varieties of feldspar have been recognized which include orthoclase, plagioclase and 
microcline. The size of feldspar grains generally ranges from 0.6 to 0.17 mm and is 
almost the same as that of the accompanying quartz grains. Feldspar grains are 
generally sub-equal with mostly sub-rounded to well round outlines (Figure 2.1 C). 
Some angular to sub-angular grains also occur. Both fresh and altered varieties of 
feldspar grains are common in the studied samples. 
2.3.4 Accessory mineral 
Tourmaline (Figure 2.1 D), garnet, rutile and zircon (Figure 2.1 E) represent 
the heavy minerals and occur in minor amounts. 
2.4 Classification based on Dickinson's scheme (1985) 
Dickinson's classification (1985) puts emphasis on tectonic setting of the 
provenance which apparently exerts primary control on sandstone composition. 
However, secondary factors such as relief, climate, transport mechanism, depositional 
environment and digenesis can also play important role in determining the sandstone 
composition. In accordance with Dickinson's (1985) scheme, the detrital modes of the 
quartzites of Delhi Supergroup of Alwar basin are recalculated to 100 % as the sum of 
Qt, Qm, F, Land Lt (Table 2.1). The data are plotted in three triangular diagrams i.e. 
Qt-F-L, Qm-F-Lt and Qm-P-K of Dickinson (1985). Both Qt-F-L and Qm-F-Lt plots 
(Figure 2.2 and 2.3) show full grain population, but with different emphasis. In Qt-F-
L diagram, where all quarizose grains are plotted together, the emphasis is on grain 
stability, and thus on weathering, provenance relief and transport mechanism as well 
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as source rock. While in Qm-F-Lt, where all lithic fragments are plotted together, the 
emphasis is shifted towards the grain size of source rock, because fine grained rocks 
yield more lithic fragments in the sand size range. The Qm-P-K plot (Figure 2.4) 
show only partial grain populations but reveal the character of polycrystalline and 
monocrystalline components of the framework. Generally, the sandstone from 
different tectonic settings have characteristic detrital components and characterstic 
chemistry (Crook, 1974; Dickinson and Suezek, 1979; Valloni and Maynard, 1981; 
Dickinson et al, 1983; Bhatia 1983; Kroonenherg, 1994). The determination of the 
tectonic setting of sandstones using the framework mineral composition was first 
proposed by Crook (1974), and has since undergone considerable refinement 
(Dickinson and Suezek. 1979). The present study revealed that monocrystalline quartz 
(Qm) is the dominant mode of our samples. Its percentage ranges from 0.91 to 100 
with an average of 80. Polycrystalline quartz (QP) includes both recrystallized and 
stretched metamorphic quartz. Polycrystalline recrystallized quartz ranges from 3.65 
% to 45.29 %and averages 20 %. 'the relative abundance of monocrystalline quartz to 
that of polycrystalline quartz in the studied quartzites appears to reflect the maturity 
of the sediments because polycrystalline quartz of the sediments is eliminated by 
recycling and disintegrates in the zone of weathering as does strained quartz (Basu, 
1985). The occurrence of small percentage of feldspar and lithic fragments in the 
studied quartzites may be attributed to the fact that they are lost in the soil profile in 
warm, humid climate with low relief or by abrasion during transit or lost in solution 
during diagenesis. 
On the Qt — F — L diagram mean detrital modes plot near Qt pole and Qt-F-T. 
leg, thereby suggesting a stable mature craton interior block provenance (Figure 2.2). 
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A population shift towards the Qm-F-Lt leg is evident in the Qm-F-Lt diagram. This 
diagram shows that the plot of the data fall both in continental block and recycled 
orogen provenance (Figure 2.3). In Qm-P-K diagram the data lie in the continental 
block provenance, reflecting maturity of the sediments and stability of the source area 
(Figure 2.4). 
2.5 Tectono provenance 
The quartzites of Alwar Basin contain quartz, both of igneous and 
metamorphic origins as well as feldspar and micas. The most abundant quartz is 
common quartz. It is mainly derived from granitic batholithic or granite gneisses. The 
recrystallized quartz indicates an origin from metaquartzites, highly metamorphosed 
granites and gneissic rocks. The stretched quartz was probably derived from granites, 
schists or quartz vein. Presence of Alkali feldspar indicates their source as both 
plutonic and metamorphic bodies. These characteristics suggest that the sediments of 
Alwar Basin meta-arenites were derived from a mixed provenance. 
The dominance of quartz in these quartzites suggests that sedimentary detritus 
were prominently derived from a source terrain consisting predominantly of felsic 
rocks (Folk, 1972). Undulating extinction of quartz point to possible plutonic sources. 
Similarly stable accessory minerals, including zircon and rutile reveal felsic to 
intermediate plutonic and metamorphic rocks The plots of Alwar basin quartzites on 
Qt-F-L and Qm-F-Lt diagram suggests that the detritus of sandtones were derived 
from the granite gneisses exhumed in the carton interior and medium to high grade 
metamorphosed suprarcrustal forming recycled orogen provenance. This suggests 
derivation of the quartzites from the stable part of the craton with perhaps some 
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contribution from recycled orogens shedding quartzose debris of continental infinity 
into the basin (Dickinson et al.. 1983). Nevertheless such provenance determination 
has to be considered with caution, because of the changes in the original composition 
which may be caused by diagenesis leading to the modification in the Qt-FI-L plot 
(McBridge, 1985). The Qm-P-K diagram suggests the maturity stability of the source 
region stretched from a very long period of tectonic quiescence and mature 
geomorphology of the area. 
Fhree important aspects of the Aiwar basin quartzites are (i) high proportion 
of polycrystalline quartz, (ii) general absence of feldspar and (iii) high degree of 
textural maturity. These aspects need to be critically examined to evaluate the 
influence of various factors especially palaeoclimate on the composition of these 
rocks. The highly quartzose nature of the meta-arenite is generally attributed to humid 
tropical palacoclimate and elimination of feldspar during diagenesis (Dickinson, 
1985). The presence of high percentage of mica after quartz suggests that sand is 
derived from metamorphic source which indicates mature detritus of a truly stable 
platform succession. The overall analysis of petrofacies data suggests that the 
sediments of Delhi Supergroup of the Alwar basin were derived from relatively low — 
lying granitoid and gneissic sources, supplemented by recycled sands from associated 
pre-existing sediments of Archaean age. 
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I igure ?. I - Microphotographs of A- Monocr stalline quartz grains. B- Bionic C- Feldspar 
grain. I)- Tourmalline. L- Zircon. 
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Table 2.1- Classification and symbols of Grain types (after Dickinson, 1985). 
A — Quartzose Grain(Qt-Qm-Qp) 
Qt— Total Quartz grain 
Qm= Monocrystaline Quartz 
Qp= Polycrystaline Quartz 
B- Feldspar Grain (F=P+K) 
F= Total Feldspar grain 
P= Plagioclase grain 
K= K-Feldspar grain 
C= Unstable lithic fragment 
(L=Lv+Ls) 
L= total Unstable lithic fragment 
Lv= Volcanic/Metavolcanic lithic fragment 
Ls= Sedimentary /Metasedimentary lithic fragment 
D= Total lithic fragment 	Lc— Fxtrabasinal detrital lime clast (not included in L or Lt) 
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Fiurc2.2 Classification of Aiwar Basin Quartzites, according to 
Dickinson (1985). 
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Figure 2.3 — Classification of Aiwar Basin Quartzites, according 
to Dickinson ( 1985). 
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Figure 2.4 - Classification of Alwar Basin Quartzites. according to 
Dickinson (1985). 
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Table 2.2 : Percentage of detrital minerals in quartzites of the AIi ar basin CQ=common quartz, VQ=rein quartz, R11Q= recnystallised 
metamorphic quartz, S.1Q=stretched metamorphic quartz 
 Feldspar 
Mono Quartz Pony 
' 
Quartz Mica 
K-Feldspar 
Rock 
Biotite 	Muscovite 
- 
Orthoclase Mierocline 
Plagioclase Fragments 
(Q% R11Q SMQ 
Tehla Formation 
Range 18.25-I00.1)0 0.00.0.00 	0.00.18.2 O.UO-35.71 0.00-1.33 	0.00-1a 29 0.00.1.7 0.00-8.53 0.00-7.64 0.00 0.00 
Average 65.66 0.00 6.88 15.18 1.82 	4.17 0.26 7.74 127 0.00 
Rajgarh Formation 
Range 0.00.100.00 	6.00-10.480.00-98.58 0.00-96.73 0.00-9.98 	0.00-9.60 	0.00-0.00 0.00-6.05 0.00.2.09 ; 0.00-17.21 
Average 7144 0.63 9.09 10.72 1.93 	1.94 0.00 1.36 0.21 0.78 
Pratapharh Formation 
Range 35.56-91.70 0.00-0.00 0,00-16.58 0.00-31.54 0.23-3.l 	I.44-4.281)M0 -I2,57 0.00-3.74 0.00.0.00 0.00.0.00 
Average 557 0.00 11.09 19.08 1.84 110 1.68 1.75 0.00 0.00 
36.47-64.62 0.91.9.92 0.00-3.65 	31.77-7.14 
Kushalharh Formation 
0.61-2.17 	0.00-1.22 0.00-0.00 J 0.00-0.00 0.00-0.00 0.00.0.00 Range 
Average 47.82 4.09 1.22 45.29 1.18 O.al 0.00 J 	0.00 6.00 J  0.00 
Seriska Formation 
Range 39.38-100.00 0.00-0.00 0.00.0.00  J 0.00-0.00 	0.00.0.00 0.00.0.00 0.00.0.00 0.00-0.00 0.00-60.6; 
Averaec ' 	73.76 0.00 0.00 0.00 0.00 	0.00 0.00 0.00 0.00 76?4 
Thana Chazi Formation 
Range 50.74.100.001 0.00-1.97 0.00-13.21 	0.00-37.93 0.00.1.45 	0.00-1.51 0.00-0.00 0.06.0.00 0.00-0.00 0.00.0.00 
Average 80.08 0.39 5.19 13.55 0.29 0.50 0.00 0.00 0.00 0.00 
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Table 2.3 - Percentage and framework modes of quartzites of Delhi Supergroup of .Alnvar basin 
(based on Dickinson's Classification 1985). 
Qt 	F 	L 	Qm~ F 	 Qm 	P 	K~ 
Tehla Formation 
Range 90.09.100.00 0-9.90 0.0.00 22.77-100.00 0-9.90 0-67,33 69,69-100.00 0-13.33 	0-30.30 
Avg. 95.09 4.91 0.00 69.58 4.91 25.52 90.67 2.22 7.11 
Rajgarh Formation 
Range 93.91-100.00 0-6.08 0-0 0-100 0.6.08 6.100 0-100 0-8.33 0.100 
Avg. 98.38 	1.62 	0.00 	78.17 	1.62 	20.22 	83.69 	0.55 	11.21 
Pratapgarh Formation 
Range 82.47-96.58 	! 3.42-17.53 0-0 38.21-96.8 3.4-17.53 	0-46.9868.56-9f58 	0-0 3.42-31.44 
1632 Avg. 90.14 	9.86 0.00 58.41 9.86 31.73 	_ 	83 28 0.00 
Kushalgarh Formation 
Range 	100-100 0-0 0-038.08-67.53 	0-0 32,47-61.92 100-100 0-0 0.0 
Avg. 	100.00 0.00 0.00 	52.77 	0.00 47.23 100.00 0.00 0.00 
Scriska Formation 
Range 	100-100 	0-0 	0-0 	100-100 	0-0 	0-0 	100-100 	0-0 	0-0 
Avg. 	100.00 0.00 0.00 100.00 	0.00 0,00 100.00 0.00 0.00 
Thanagazi Formation 
Range 
~ 	Avg. 
100100 
100.00 
0.0 
0.00 
0-0 
0.00 
52.70-100 
81.13 
0-0 
0.00 
0-42.79 
18.87 
100-100 
100.00 
0-0 
0.00 
0-0 
0.00 
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CHAPTER 3 
SAMPLING METHODS AND 
GEOCHEMICAL ANALYSIS 
Sampling '?1letho&s and geocfieruicaf l na5ysu 
3.1 Introduction 
A description of sampling procedures, analytical methods including 
instrumental techniques and laboratory procedures Iollowed in the present study are 
presented in the present chapter. 
3.2 Sampling procedures 
More than 80 fresh rocks samples representative of various formations were 
collected from quarries, road cutting, and natural outcrops. After careful examination, 
28 representative samples of quartzites (meta-arenites) and 24 samples of metapelites 
devoid of weathering and alteration were selected for geochemical analysis. Samples 
were manually chipped into 1-2 can pieces, removing deleterious material including 
weathered surfaces and veins. 
The chipped samples were washed repeatedly in distilled water to remove 
surface dust and oven- dried at 110° C for 24 hour prior to milling. All samples were 
ground to 200 mesh in agate pulverizer, maintaining the homogeneity and 
representativeness of the sample. Loss on ignition (LOT) values were determined by 
ignition in a muffle furnace at 1020° C. Major elements were determined by XRF (X-
Ray fluorescence) techniques in the geochemical laboratory of Wadia Institute of 
Himalayan Geology (WIIIG), Dehradun. The REE analyses were carried out at the 
National Geophysical Research Institute. Hyderabad by using Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) (Roy et al., 2007). International rock standards 
SCo-1 and GSR-4 were also analyzed and the results agree with the reported values 
(Govindraju 1994). 
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3.3 X-Ray Fluorescence Spectrometry  
X-ray fluorescence (XRF) spectrometer is an x-ray instrument used for 
routine, relatively non-destructive chemical analyses of rocks, minerals, sediments 
and fluids. It works on wavelength-dispersive spectroscopic principles. X-ray 
fluorescence analysis is a widely accepted technique for obtaining rapid chemical 
analyses of geologic samples with higher precision and accuracy. The pellets prepared 
were analyzed for major oxide concentration and trace elemental concentration with 
the help of energy dispersive SIEMENS SRS sequential XRF. 
33.1 Pellets preparation 
The sample is used in the form of pressed pallets of fine powder. To prepare 
pellets, collapsible aluminum cups were filled with a form of boric acid that acts as a 
binding material. Powdered sample were roasted at 1000 'C for about 14 his, 
Approximately 10 gm of 200 mesh homogenized sample of each roasted powder was 
sprayed upon it by uniformly covering the boric acid. Then about 15 tons of pressure 
was applied using press (H/100) to obtain 40 mm diameter pellets. 
3.3.2 Instrumental and operating parameters 
The SIEMENS SRS sequential wave length dispersive X- ray Fluorescence 
Spectrometer is fitted with Rh X- ray tube and software which is operative under 
computer control using the spectra AT/3000 software for data collection. The 
elemental analysis was performed using pressed powder pellets following intensity 
based model (Lucas-Tooth and Pyne, 1964) and using international reference 
materials. The operating conditions for major oxides were no filter. Vacuum path, 
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20/40 KV. The overall accuracy (% RSD) for major oxides is less than 5 % and the 
average precision being better than 1.5 %. 
3A ICP-MS: Inductively Coupled Plasma Spectrometry 
The ICP-MS is one of the most advanced analytical techniques employed for 
quantitative analysis of chemical elements with atomic mass ranges 7 to 250. This 
encompasses Li to U in the periodic table in a variety of samples. Some masses are 
prohibited such as 40 due to the abundance of argon in the sample. A typical ICP-MS 
will be able to detect in the region of nanograms per liter to 10 or 100 milligrams per 
liter or around 8 orders of magnitude of concentration units. Since the last two 
decades it has become a powerful technique for estimation of trace, REEs, PGEs and 
even isotope ratios in a variety of geological materials. Unlike atomic absorption 
spectroscopy, which can only measure a single element at a time. ICP-MS has the 
capability to scan for all elements simultaneously. This allows rapid sample 
processing. 
3.4.1 Principle of ICP-MS 
The ICP-MS is the most simple and direct method of chemical analysis. The 
sample to be analyzed is introduced into argon based high temperature plasma by a 
nebulizer spray chamber system. The sample stream causes desolvation. vaporization, 
atomization and ionization of target elements. Ions thus generated are extracted from 
the plasma into a low pressure region through a sampler and skimmer cones and are 
allowed to pass through an electrostatic lens system, which extracts positively charged 
ions. These ions are separated on the basis of their mass to change ratio by quadrupole 
mass analyzer. A detector counts the filtered ions and a computer processes the 
48 
SampCttg St1ethods and ceoc@emicac4nalysis 
resulting information. ICP-MS has many advantages over other elemental analysis 
techniques such as atomic absorption and optical emission spectrometry, including 
ICP Atomic Emission Spectroscopy (ICP-AES), including: 
➢ Detection limits for most elements equal to or better than those obtained by 
Graphite Furnace Atomic Absorption Spectroscopy (GFAAS). 
Y Higher throughout than CF AAS. 
➢ The ability to handle both simple and complex matrices with a minimum of 
matrix interferences due to the high-temperature of the ICP source. 
> 	Superior detection capability to ICP-AES with the same sample throughput. 
i> 	The ability to obtain isotopic information. 
In the present work ICP-Mass Spectrometer, Model ELAN DRC II (Perkin-
Elmer Science Instrument, US) was used. The analytical work was carried out in ICP- 
MS Lab, Geochemistry Division, National Geophysical Research Institute (NGRI) of 
Council of Scientific and Industrial Research (CSIR), Hyderabad. 
3.4.2 Geological Application 
The precise and accurate determinations of trace and REFS in geological 
samples are important to understand the evolution of the rock and to quantify the 
processes, which have taken place in the rock history. ICP-MS has proved to be 
extremely sensitive for the accurate and precise estimation of the trace elements 
including REF. The isotopic ratio determination in geological samples is useful to 
date a rock and to understand the process during evolution. Though, ICP-MS permits 
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accurate determination of isotope ratios, it cannot attain the precision of Thermal 
Ionization Mass Spectrometry (TIMS). 
3.4.3 Materials and reagents 
In ICP-MS techniques the rock samples selected for analysis are digested to 
solution form which essentially requires the quality reagents, ultra purified water and 
thoroughly cleaned crucibles and glassware. Electronic grade HF, analytical reagents 
(AR) grade HCIO4, distilled HNO3 and HCI are the chemical reagents which are being 
used during the sample preparation. Millipore purified water (18 MS2) was used. 
PTFE Teflon beakers were used for open digestion of powdered rock samples. 
3.4.4 Sample Preparation of ICP-MS 
For dissolving silicate rocks, acid digestion is the most widely used method in 
geochemical analysis using ICP techniques. In this procedure the silica vaporizes 
when it is attacked by acids such as Hydrofluoric acid (HF), Nitric acid (HNO3), 
Perchloric acid (HCI04) and Hydrochloric acid (HCl). 
A test portion (0.05 g) of the sample was added to PTEE Teflon beakers. Each 
sample was moistened with few drops of ultrapure water. Then 10 ml of an acid 
mixture containing 7:31 HF — HNO3 — HC104 was added to each sample. Samples 
were swirled until they become completely moist. The beaker were then covered with 
lids and kept overnight for digestion after adding I ml of 5 µg ml- ' Rhodium (Rh) 
solution (it act as internal standard). The following day, the beakers were heated on a 
hot plate at -- 200 'C for about 1 hour. The lids were removed and the contents were 
evaporated to incipient dryness until a crystalline paste was obtained. The remaining 
residues were then dissolved using 10 ml to 1:1 HNO3 and kept on a hot plate for 10 
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minutes with gentle heat (70 °C) to dissolve all suspended particles. Finally the 
volume was made up to 250 ml with purified water (18 Mt]) and stored in polythene 
bottles. 
3.5 LOI (Loss on Ignition) 
Loss on ignition refers to the weight loss experienced by a sample when it is 
placed in a furnace at a specific temperature and for a specific time period. It is used 
to give a general indication of the "volatile" species in the sample. 
The L01's are generally carried out at a temperature range of 850 °C — 950 °C 
for one hour to 90 minutes, so the weight loss reflects all of those species that are lost 
at this temperature and for that particular time period. It would include water (both 
surficial moisture as well as water of crystallization) and organic carbon species if 
present. In addition, carbonates decompose to oxides with the loss of carbon dioxide 
and sulphates decompose (but usually only partially) to oxides with the loss of 
sulphur trioxide. Fluorides may also be partially lost. As a result of the complex 
nature of these reactions, the LOI value is best used as a general indicator of the 
amount of volatile species present and the post crystallization degree of 
alteration/hydration of the sample. It cannot be used to determine the presence of 
individual species. Some base metals will also be lost in this process. 
3.5.1 Procedure followed for calculating the Loss on Ignition 
I. 	Start the digital Weighing machine and let it stabilize for an hour or so, so that it 
equilibrates with the surrounding conditions and then set it zero. 
2. 	Weigh the silica crucible (Wi) and note down the reading on the weighing 
machine. 
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3. Now add 2gm of the powdered rock sample very carefully into the crucible 
without the weighing machine after step 2 and note down the reading machine 
(W2). W2 should he approximately WI + 2gms. 
4. Repeat the same for all the samples. And store them in desiccators to avoid any 
moisture entering the sample. 
5. Dry crucible + sample in oven (preferably 105 °C overnight). 
6. Cool crucible in desiccators and reweigh (W2). 
7. Place crucible onto the furnace tray and put tray into furnace at 500 °C and 
leave for 4 hours. 
R. 	Using a special tool, the crucible is then extracted from the furnace tray and then 
placed it over the asbestos sheet for initial cooling for 5 minutes, before placing 
crucibles in a desiccators to fully cool. 
9. 	Reweigh crucible + ash (W3). 
Calculation: 	Loss on Ignition (LOI)= [(W2 — W3)/(W2-WI)[ * 100 
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CHAPTER 4 
GEOCHEMICAL CHARACTERIZATION 
OF CLASTIC SEDIMENTARY ROCKS 
OF ALWAR BASIN 
geocnemicarCharactenzanun of C&astic Sedimentary 4R icks ofilwar Basin 
4.1 Introduction 
Geochemical composition of clastic rocks is a powerful indicator for 
determination of the composition of source area (Wronkiewicz and Condie, 1987; 
1990; Naqvi et al.. 1988, 2002; McLennan et al., 1995; Sambasiva Rao et at, 1999; 
Cullers, 2000; Cullers and Podkovyrov, 2000; Bhat and Ghosh, 2001; Condie et al., 
2001; Saha et al.. 2004; Raza et al., 2010a, b; Wang et al., 2012; Purevjao and Roscr, 
2013), weathering processes and palaeoclimate (Nesbit and Young, 1982; Sreenivas 
and Srinivasan, 1994; Fedo et al., 1995, 1996; Absar et al., 2009; Raza et al., 2012), 
and reconstruction of the tectonic setting of depositional basin (Bhatia, 19R3; Bhatia 
and Crook, 1986; Roser and Korsch, 1986, 1988; McLennan et al., 1990; Raza et 
al.,2010a). Furthermore the geochemical data of sedimentary rocks have been widely 
used to quantify the secondary processes like post depositional metasouratism (Fedo 
et al.. 1995, 1997) and to evaluate the composition and evolution of continental crust 
(Taylor and McLennan, 1985, 1995; McLennan and Taylor, 1991; Condie, 1993; 
Lahtinen, 2000). In this regard fine grained sedimentary rocks like shales, mudstones 
and phyllites are considered more useful as they are thoroughly homogenized before 
deposition and acquire debris from wide area thus provide crustal scale sample, 
enabling study of crustal-scale processes (Taylor and McLennan, 1985). In the present 
chapters major and trace element (including REE) characteristics of quartzites and 
metapelites of the Delhi Supergroup of the Alwar basin are presented and discussed. 
4.2 Geochemical Data 
Geochemical data comprising major, trace and rare earth elements of 28 
samples of quartzite, and 24 samples of pelites from various formations of Delhi 
Supergroup of the Alwar basin are presented in table 4.l and 4.2, 83 — 94pp. 
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4.3 Element Mobility 
Because most of the rocks under study have undergone metamorphism 
maximum up to the middle amphibolite facies, it is possible that some or many of the 
major and trace elements will have been variably remobilized (Taylor and McLennan 
1985; Tarncy and Weaver, 1987; Barovich and Patchett, 1992; Pearce, 1996; Iran or 
al., 2003). The alteration of original composition, if any, would obviously reduce the 
effectiveness of the geochemical parameters. '[lie degree of mobility during high-
grade metamorphism is controversial. It is generally agreed that major changes in 
composition of sedimentary rocks can occur even before the onset of granulite facies 
metamorphism (e.g. Taylor and McLennan, 1985). However, some studies have 
suggested that elemental mobility in high-grade rocks is insignificant (Ferry, 1983; 
Roser and Korsch, 1986; Passchier or al.. 1990). 
In recent years, various studies have shown that REEs, high field strength 
elements (HFSEs) and even transition elements are not generally affected even 
beyond amphibolite facies metamorphism (Barovich and Patchet, 1992; Crichton and 
Condie, 1993; Payne el al., 2006). However, large ion lithophile elements (LILE) are 
expected as being variably mobile during metamorphism. The elements Rb, Sr and Ba 
are highly mobile during secondary processes (Nesbitt et al., 1980), and thus the 
abundance of these elements in sedimentary rocks does not always represent the 
composition of their source rock. Th is considered immobile during sedimentation and 
weathering and has very low residence time in seawater (McLennan et al., 1980). 
Many authors have suggested the use of immobile or relatively immobile 
elements as discriminant tools (Cann, 1970; McLennan, 1989; Taylor and McLennan, 
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1985). These elements include A1203, Ti02, HFSE such as Zr, Y, Nb, Hf, Ta and Ga 
and transition elements such as Sc, Ni, and V. 'l'he REEs are also considered to be 
relatively immobile during chemical weathering and diagenesis (Nesbitt, 1979; 
Humphris, 1984) such that provenance information may not be lost even after 
considerable alteration of framework grains (Johnsson, 1993). For these reasons, 
selected major, minor and trace elements are increasingly being employed as tools in 
igneous discrimination and sedimentary provenance characterization studies. 
Although exceptions occur (Cullers et al., 1993), the REE are generally 
regarded as immobile. The analyzed samples show uniform and fairly smooth REE 
patterns and multi-element profiles (Figure 4.1, 4.2, 4.4) of the Alwar basin clastics 
together with the facts that the samples are from different parts of the basin, 
suggesting that REE and other elements have not been affected significantly during 
the process of metamorphism. The similarity in the patterns is maintained over a large 
range of composition (Si02 = 82.14 - 96.07 in quartzites and 47.98 - 78.01 in 
metapelites). Such type of' smoothness and uniformity in the shape of patterns would 
not be expected during remobilization (Yang et al., 1998). Although all the elements 
are used in the present study for geochemical characterization of metasediments, more 
weightage is given to immobile elements. Our interpretations and conclusion 
regarding provenance and tectonic setting heavily rely on immobile or less mobile 
trace elements.  
i- X9J3,_ 
4.4 General Geochemical Characteristics of Quartzites 
4.4.1 Major Elements  
Compositionally. the Alwar basin quartzite are characterized by high Si02 and 
low A1203 In terms of geochemical characteristics, quartz arenite, quartz wackes and 
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wackes generally comprise a continuous spectrum of sandstones (Condie, 1992). 
Compositionally, all the quartzite samples of the Alwar basin, comes under the 
category of quartz arenite as they contain Si02 > 80 % (except sample MR8 which 
contain Si02 — 78.07 %); A1203 <10 Ye (except samples MR8 and MR9 which contain 
Al2O3= 12.9 and 12.07 % respectively); Fe2O3 <5 %; CaO <1 % (except samples S14 
and S19 which contain CaO = 1.60 and 1.63 % respectively) and Na2O <2 % (except 
samples S8 and S9 which contain Na20 = 2.23 and 4.335 respectively). A 
significantly higher Ca content (15.46 %) is observed in sample S30 thus the major 
element composition of this sample is not considered in petrogenetic interpretations. 
The K20 content of these quartzites ranges from 0.02 to 4.72 % and averages at 
2.25 %. In normal igneous rocks Al resides mostly in feldspars. High concentration of 
A1203 in some of our samples is probably due to presence of relatively higher amount 
of feldspar in their mode. Most of the samples show depleted Na20 concentrations 
(<1 wt. %) which is probably due to smaller amount of Na20- rich plagioclase present. 
High content of Na2O in some samples (e.g. S8 and S9) may be due to relatively 
higher amount of plagioclase in their mode. The Alwar basin quartzite and metapelite 
assemblage display a strong negative correlation between A1203 and Si02 (r = -0.94). 
Such correlation is expected. because in sedimentary rocks the A1203 and SiO2 
contents are controlled by aluminous clay and quartz contents respectively. Probably, 
the clays may have been more aluminous and later enriched in K to form illite (Fedo 
et al., 1995). The illite control is also indicated by moderate relationship between 
A1203 and K20 (r — 0.46). The Si02/A1203 ratios (6.05 - 319.67; avg. 56.94) are high, 
indicative of their high maturity, and K2O/Na2O ratios (0.005 - 95) are variable but 
mostly high (avg. 17.48). The K20/Na2O ratio is a measure of the potassium feldspar 
and mica versus plagioclase feldspar content in the rock. Negative correlation of Si02 
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with A1203 (- 0.93) suggest hydrodynamic separation of aluminous clays during 
sedimentary process. The positive correlation between FeO and Ti02 (r = 0.73) 
suggests that iron retained in palaeoweathering profile (Young and Nesbitt, 1998) in 
an oxygenated atmosphere (Holland et al., 1989; Holland and Beukes, 1990). 
4.4.2 Trace Elements 
Trace element abundances of clastic sedimentary rocks have been widely used 
to investigate many complex processes involved in their formation including average 
composition of the source terrain, weathering history, transportation, diagenesis and 
metamorphism. Taylor and McLennan (1985) and Bhatia and Crook (1986) regard Th, 
Y, U, Co and REE as the most useful elements in determining upper crustal 
abundances from clastic sedimentary rocks and as discriminants of tectonic settings. 
This is because strongly incompatible (LREE, Th, U) and strongly compatible (Sc, 
Co) elements arc represented in this group. Also, most of them are considered 
immobile during secondary processes. 
Large inn lithofile elements (LILE) Rb, Ba, Sr, Th, U: The studied 
quartzites of Alwar basin show large variation in the amount of LILE e.g. Rb = 1.95-
17905 ppm, avg.= 357.69 ppm; Ba — 25.18-5155.74 ppm, avg. = 357.69 ppm; Sr = 
7.50-52.29 ppm, avg.= 22.07 ppm; Th = 0.9- 25.63 ppm, avg. = 9.31 ppm; and U — 
0.54-22.54 ppm, avg. — 2.57 ppm; The average concentrations of these elements are 
higher (Rb = 32 ppm, Ba = 153 ppm, Sr = 28 ppm, Th = 6 ppm and U = 1.93 ppm), 
than those of average continental sandstone (ACSst) of Condie (1993). There is large 
variation in Tb/U ratio (0.22 - 11.32) with average of 5.13 that is higher than that of 
upper crustal value of 3.8. Large variation in Th!U ratio indicates variable degree of 
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weathering in their source terrain. In these quartzite the abundance of Th and C are 
variable. The Th/II ratio ranges from 0.22 to 139.89 with an average of 10.03. Th/U 
ratios of sedimentary rocks are expected to increase with increasing weathering due to 
oxidation and loss of uranium (Taylor and McLennan, 1985). ThM ratios above 4 are 
thought to be related to weathering history (McLennan et al., 1995). The Th/U ratio of 
associated metapelites of studied area is relatively low (0.69 - 11.08 ppm. avg. 3.24 
ppm) which suggest that their source rocks suffered moderate weathering. 
High Field Strength Elements (HFSE) Y, Zr, Nb HFSE tend to be strongly 
incompatible during magmatic differentiation and anatexis and as a result, these 
elements are enriched in felsic rocks. They are immobile or less mobile during 
sedimentary processes and have low residence time in the sea water (Holland, 1978; 
Sugitani et al., 2006). Therefore, abundances of these elements along with FEE, 
represent the composition of source materials of sedimentary rock formations. The 
concentrations of HFSE of analysed samples are variable. For example Zr 
concentration varies from 36.99 - 821.59 ppm with an average of 260.21 ppm. Nb 
shows a range of variation from 0.46 - 586 ppm and average 2.26 ppm. Y 
concentrations vary from 1.26 - 35.00 ppm with an average of 9.91 ppm. The 
concentrations of Nb and Yin these quartzites are strongly depleted in comparison to 
PAAS (Nb = 19 ppm and Y = 27 ppm) but are enriched in Zr contents (210 ppm) 
Transition Trace Elements (TTE) Cr, Co, Ni, Sc, V Transition trace 
element (TTE) concentrations in our samples of quartzites are highly variable. For 
example Cr = 15.38- 105.47 ppm (avg. 41.07 ppm), Co = 3.73-73.84 ppm (avg. 32.79 
ppm), Ni = 1045-155.59 ppm (avg. 25.99 ppm), Sc = 1.51-6.03 ppm (avg. 2.27 ppm) 
and V — 250-116.85 ppm (avg. 23.15 ppm). Sc and Ni, and Co concentrations are 
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comparable with those of ACSst (1.6. and 23 ppm respectively) but significantly 
enriched relative to those of PAAS (16 and 55 ppm respectively). These rocks are 
depleted in Cr and enriched in V in comparison to ACSst (Cr = 102 ppm, V = 11 
ppm) and PAAS (Cr = 110 ppm, V = 1.5 ppm). However their V and Cr contents are 
highly variable showing depletion and enrichment relative to AUCC (Figure 4.4 A). 
However, Ni contents are depleted relative to AUCC (Figure 4.4 A). Cr/Th ratios of 
studied samples are variable (0.70-84.85, avg.10.81) which are lower than those of 
ACSst (26.15) but comparable with those of PAAS (7.53). Th/Sc ratios are variable 
(0.21 - 13.46) with an average value of 4.29, that is higher than that of ACSst (2.43) 
and significantly higher than that of PAAS (0.91). Many of the samples have higher 
Cr/Th and Th/Sc ratios than ACSst and PAAS. 
Rare Earth Elements (REE): Being transferred virtually quantitatively from 
upper continental crust into clastic sedimentary rocks, the abundances and patterns of 
REE show significant changes in sedimentary sequences across Archaean-
Proterozoic boundary. Contrast between Archaean and post Archaean REE patterns in 
clastic sedimentary rocks is marked by appearance of a significant depletion in Eu and 
increase in total REE abundances. Therefore the REE concentrations of clastic 
sedimentary rocks are widely used to trace the evolution of continental crust. The 
REE patterns of sedimentary rocks are primarily controlled by plutonic components 
of the source terrain. In mantle derived Archaean granitoids the abundances and 
patterns of REE are determined by major phases such as hornblende. pyroxene and 
sphene. On the other hand in post Archaean evolved granites the abundances and 
patterns of REE are controlled by heavy minerals present in the rock (Gromet and 
silver, 1983; Bea. 1996). The REE patterns of post Archaean clastic sedimentary 
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rocks are considered to have been transferred from their source rocks. However, this 
transfer took place either through clay minerals or heavy minerals are not perfectly 
understood (Condie, 1991; Crichton and Condie, 1993; Totten et al 2000, Bauluz et 
al., 2000). Therefore it is important to understand the mechanism of transfer of REE 
patterns from source rocks to clastic sedimentary rocks. 
The Delhi quartzite are characterized by higher amount of total REE (avg. 
E=84.59 ppm) that is higher than that of ACSst (44.78 ppm) but lower than that of 
PAAS (147 ppm) and AUC (127.38 ppm). In terms of average total REE content the 
Pratapgarh quartzites are most enriched (avg. Y- = 182.82 ppm) and Kushalgarh 
quartzites are most depleted (Avg. ' = 35.43 ppm) rocks. Chondrite- normalized REE 
patterns of these quartzites are parallel and smooth (Figure 4.1) suggesting primary 
concentrations of REEs. The shape of REE patterns is similar to those of AUCC and 
PAAS. All the samples (Figure 4.1 A and B) except S7 and S12 display prominent 
negative Eu- anomalies (Figure 4.1 C). Samples S7 display prominent positive Eu 
anomalies (EuiEu*= 2.3) and sample S12 show no Eu- anomaly (Eu/Eu*  = 1.08) that 
may be the result of variable concentration of plagioclase. High value of Eu/Eu (2.3) 
along with high value of (La'Yb)n ratio (15.37) of sample S7 indicates its derivation 
from Archaean TTG. In general the REE patterns of our quartzite samples are highly 
fractionated with (LaJYb),1 = 3.04-51.25 and avg. = 16.71 (except sample S12). 
However, some of the samples show (La/Yb)„ ratio as high as 51.25. High 
(La!Yb),, ratio of these samples suggests that the HREE may have been retained by 
garnet during the formation of source rocks of these quartzites leaving them depleted 
in HREE. Like ACSst most of the samples of the Alwar basin quartzites display steep 
REE patterns but with prominent negative Eu- anomalies, that is absent in the patterns 
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of the former. In general the quartzite samples show LREE enrichment (La/Sm = 
1.29-563; avg.= 3.92) and HREE depletion (].a/Gd = 0.90-6.8; avg. = 2.62) and 
negative Eu anomalies. They do not show any Cc anomalies indicating that the degree 
of oxidation of rocks in the source area was higher than that of PAAS. LREE 
enrichment and pronounced Eu-anomalies indicate that the main sedimentary sources 
were continental crustal rocks. The Eu anomaly is generally regarded as inherited 
from sedimentary sources (McLennan et al., 1993). Small Eu anomalies are usually 
ascribed to input of detritus from mafie rocks whereas large anomalies are related to 
felsic source (Taylor and McLennan, 1985; Cullers et al., 1987; Cullers, 2000). 
Eu/Eu* values of these quartzites show a range of variation from 0.32 to 0.75 with an 
average of 0. 53, except samples S7 and S12 which show Eu/Eu* values 2.30 and 
1.08 respectively. 
4.5 General Geochemical Characteristics of Metapelites 
4.5.1 Major Elements 
The metapelites of Alwar basin show a large variation in their Si02 contents 
(49.23 to 78.01 %) with an average of 65.80 %. The average of Si02 contents of these 
pelites are similar to that of average Proterozoic shales (APS = 63.1 %) of Condie 
(1993). Similarly the average of A1201 contents of these pelites ranges from 5.62 to 
29.00 % and averages at 17.04 % that is also similar to that of APS (17.5 %). These 
pelites display large variation in their Na2O (0.10 to 4.32 %), K=O (3.35 to 9.18 %), 
CaO (0.07-0.48% except sample S30 which contain Can = 15.46) and MgO (0.93 to 
7.16 %) contents. The average value of Na2O (0.96 Vu) is closely similar to that of 
APS (1.06 %), whereas their average CaO content (0.24 %) is lower and that of MgO 
(1.57 %) but similar to those of APS (CaO = 
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0.71 %, MgO = 2.2 %). The K20/Na2O ratio of the studied metapelites ranges from 
0.91 - 54.00 and averages 32.41 that is much higher than that of PAAS (3.08) and 
AUCC (0.87). In terms of major element concentrations, the Alwar basin metapelites 
are well compared to APS (Condie, 1993). 
4.5.2 Trace Elements 
Large ion lithofile elements (LILE) Rb, Ba, Sr, Th, U The metapelites of 
the Alwar basin show large variation in the amount of LILE e.g. Rb = 96.82 - 281.42 
ppm, avg. = 160.32 ppm; Ba = 298.58 - 1868.50 ppm, avg. 867.91 ppm; Sr = 35.76-
109.27 ppm, avg. = 64.64 ppm; Th = 4.47 - 36.42 ppm, avg. = 14.22 ppm; and U = 
1.49 - 15.11 ppm, avg. = 6.35 ppm; The average Th, Rb and Ba content of these 
pelites are closely similar to that of PAAS (14.3 ppm, 160 ppm, 650 ppm) but are 
enriched in U compared to PAS (3.4 ppm). Th/t: ratio of these metapelites ranges 
from 0.69 to 11.08 with average 3.25. Th/U ratios above 4 are thought to be related to 
weathering history (McLennan et al., 1995). Wide range of Th/U ratio of metapelites 
of the studied area suggests that their source rocks suffered variable degree of 
weathering. 
High Field Strength Elements (HFSE) Y, Zr, Nb The concentrations of 
HFSE of analysed samples of metapelites are variable. For example, Zr concentration 
varies from 222.97 to 899.08 ppm with an average of 418.54 ppm. Nb shows a range 
of variation from 2.92 to 36.03 ppm and average 11.50 ppm. Y concentrations vary 
from 5.91 to 49.19 ppm with an average of 21.50 ppm. Compared with PAAS (Zr = 
210 ppm; Nb = 19 ppm; 1- 27  ppm), the studied metapelites are enriched in Zr and 
depleted in their Nb concentrations. However, the Y contents are comparable. When 
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compared with associated quartzites of the Alwar basin ( Zr = 260.21 ppm; Y = 2.26 
ppm and Nb = 9.91 ppm) the metapelites are enriched in HPSE. 
Transition Trace Elements (TTE) Cr, Co, Ni, Sc, V The iTE 
concentrations in Alwar basin metapelites are higlily variable. For example Cr e 59.80 
- 141.30 ppm (avg. 98.91 ppm), Co = 1.57 - 27.98 ppm (avg. 7.24 ppm), Ni =12.06-
41.57 ppm (avg. 22.49 ppm), Sc - 4.50 - 21.33 (avg. 12.19 ppm) and V - 40.13 - 
739.18 ppm (avg.303.39 ppm). These metapelites are depleted in Cr, Sc and V. but 
enriched in Co relative to associated quartzites (avg. Cr = 41.06 ppm, Sc - 2.27 ppm, 
V = 23.15 ppm). however the Ni content is similar in our samples of quartzites (avg. 
25.99 ppm) and metapelites (avg. 22.49 ppm). These metapelites are depleted in Cr, 
Co, Ni, and Sc and enriched in V in comparison to PAAS (Cr = 110 ppm. Co = 23 
ppm, Ni - 55 ppm, and Sc = 16 ppni, V = 150 ppm). 
Rare Earth Elements (REE) Chondrite- normalized REE patterns of Alwar 
basin mctapelites are presented in Figure 4.2. The total REE contents show a range of 
variation from 124.13 to 408.91 ppm with an average of 154.20 ppm. However, in 
most of the samples the total REE content is less than 200 ppm. The total REE 
contents of these metapelites (avg. £ - 154.20 ppm) are higher than that of associated 
quartzites of the Alwar basin (avg. E = 84.59 ppm) and ACSst (44.78 ppm) but 
comparable to that of PAAS (147 ppm). All samples (except sample MR 11) are 
characterized by enriched patterns (Figure 4.2) with (La/Yb), ratio ranging from 1.72 
to 35.90. Sample MR II displays LREE depleted pattern (Figure 4.2 B) with (La/Yb), 
- 0.68. All the samples except samples S20, 521, and MR12 show negative Eu 
anomalies. Samples 520, 521, and MR12 (Figure 4.2 C) display positive Eu 
anomalies (Eu/Eu* = 1.06, 1.73 and 1.28 respectively) which may be due to 
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concentration of plagioclase. Among these sample MR 12 and MR 14 show depletion 
in intermediate REEs (Figure 4.ZC), that is indicated by their concave upwards REE 
pattern. These REE patterns indicate mixing of two end member materials, one LREE 
enriched and another I IREE enriched. 
Apart from few anomalous samples, identified above the significant 
enrichment in LREEs, the distinctive negative anomalies, and flat HREE patterns of 
the Alwar basin elastic sedimentary rocks suggest derivation from an old upper 
continental crust composed chiefly of felsic components. Partial melting or fractional 
crystallization, involving separation of plagioclase, had affected the source rock. 
Eu1Eu* values of these metapelites show a range of variation from 0.54 to 1.73 with 
an average of 0.51, Only three samples i.e. S20, S21 and MR 12 (Figure 4.2 C) show 
EWEu`values more than 1 ( 1.06, 1.73 and 1.28). 
REE patterns of average quartzite and metapelites of Alwar and Ajabgarh 
groups of the Alwar basin are shown in (Figure 4.3). The quartzites of Alwar Group 
are more enriched in REF particularly in LREE and MREE relative to quartzites of 
Ajabgarh Group. Similarly the metapelites of Alwar Group are more enriched in 
LREE but the MREE and 1-TREE of the two groups remain same. 
4.6 Multi-element Patterns 
Multi-element patterns normalized to upper continental crust (AUCC) of 
Alwar basin quartzites and metapelites are plotted in (Figure 4.4). In this diagram, the 
arrangement of the elements is in the order of increasing compatibility and represents 
a monotonic decrease of continental abundances with respect to primitive mantle 
(Ilofmann, 1988). The most incompatible elements are on the right and most 
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Ajabgarli quartzites of Delhi Supergroup, Alwar basin. Normalizing value after Sun and 
McDonough, (1989). 
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compatible on the left side of the diagram. Since the elements Rb, Ba, K, Sr Na, and 
Ca are readily dissolved by aqueous fluids. they are relatively mobile during 
weathering. These elements are helpful for understanding weathering regimes and 
palaeoenvironmental conditions (Nesbitt and Young, 1984; Fedo ei al., 1997). Rest of 
the elements, on the other hand, resist dissolution and, are immobile, thus their 
depletion or enrichment relative to AUCC may reflect the provenance composition. 
Our samples of both the quartzites and the metapelites display strong depletion in 
Na2O, CaO, FeO and Sr, Some samples show depletion in K20, Ba and Rb (Figure 
4.4 A and B). 
Average whole rock multi-element compositions of different sedimentary 
formations of Alwar basin are normalized to average upper continental crust (AUCC) 
values of Condie (1993) are plotted in (Figure 4.5). All the rock formations, of Alwar 
basin are characterized by strong depletion in CaO, Na20 and Sr indicating high 
degree of weathering in the source area (Nesbitt et al., 1980). "these elements we 
removed by soil solutions during degradation of feldspars under intense chemical 
weathering. In general the patterns of quartzites and metapelites are similar in shape 
(Figure 4.5). However, the overall trace element concentrations of the quartzites are 
low relative to metapelites, probably due to. The quartzite display severe depletion in 
FeO, Na20, CaO, Rb, Ba and Sr and also Nb and Ni, indicating strong chemical 
weathering of source terrain of these rocks. The positive anomaly at Zr and Co are 
displayed by all the quartzites and metapelites. Zr anomalies may be due to presence 
of Zircon, It has been observed that Co becomes enriched in the fluvial system during 
sedimentary processes (Math et al., 2000). Samples of quartzites and mctapeliles of 
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Tehta and Pratapgarh formations display prominent positive anomalies at Th. Other 
elements show only small deviations from AUCC. In comparison to other units, the 
metasediments of Tehla and Rajgarh formations display less enrichment in Ni and Sr. 
Pratapgarh quartzite and metapclites show more enrichment in U. LREE, Nd and Co. 
4.7 Enrichment factor 
In general the pelitic rocks are found more enriched in trace elements than the 
associated arenites. It has also been observed that in pclitic rocks the concentrations of 
trace elements are higher than average upper continental crust. This enrichment can 
be quantitatively evaluated by enrichment factor (EF; Cao et al., 2012).), which can 
be calculated as the ratio of the element concentration in sediments to the average 
corresponding concentration in the AUCC (Taylor and McLennan, 1985). In Alwar 
basin metapelites the elements V (EF = 5.18), U (EF = 2.30), Zr (EF = 2.13) and Pb 
(EF = 1.77) are mostly enriched and Cr, Sr and Nb are mostly depleted with EF values 
0.27, 0.19 and 0.45 respectively. Other elements with EF = 0.27 - 1.53 behave 
similarly to those in the AUCC. In associated quartzites Ni, Rb, Ba, TH, U and Zr 
behave similarly to those in the AUCC as they exhibit EF values ranging between 
0.51 and 1.41. In our samples of these quartzites Co is most enriched with EF = 3.29. 
In samples of inctapclites the EF values for REE, LREE, and IIREE are 1.06, 1.07 
and 1.09 respectively and in associated quartzites, EF values for REE, LREE, and 
HREE are 0.58, 0.57and 0.58 respectively. Depletion of trace element in quartzites 
may be ascribed to quartz dilution. The enrichment of some trace elements in 
metapelites may be due to accumulation of clay minerals by the process of sorting and 
reworking. 
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values after Taylor and McLennan (1985). 
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4.S Geoehemical variation of stratigraphy 
Stratigraphic trends in geochemistry are most difficult to recognize, although 
there might be some stratigraphic variations existing. 'there is no systematic 
differences in contents of different elements or their ratios among different 
stratigraphic units. However some geochemieal variations occur between average 
compositions of Alwar and Ajabgarh groups. Although shape of multi-element 
formations are same (Figure 4.6 A) the former is more enriched in almost all the 
elements except Na, Yb, Sc and Ca which do not show variation. Similarly the shape 
of patterns displayed by metapelites of Alwar and Ajabgarh groups is almost similar. 
However the Ajabgarh metapelites are relatively depleted in Th, Na and cobalt and 
enriched in Ca. 
As evident from Chondrite — normalized REE patterns shown in Figure 4.7 A, 
the quartzites of Alwar Group are more enriched in LREE then those of Ajabgarh 
Group. However, the LREE show larger variation in Alwar qluartzites then Ajabgarh 
quartzites (Figure 4.1 and 4.2). The REE patterns of metapelites of Alwar and 
Ajabgarh groups are closely matched with the difference that the Alwar metapelites 
are slightly enriched in La, Ce and Pr. Other elements do not show any variation. 
Chondrite-normalized patterns of REEs for the average quartzites and 
metapelites of Alwar and Ajabgarh groups of Delhi Supergroup are compared with 
REE pattern of PAAS (Figure 4.7 C). The shape of the REF patterns of quartzites and 
metapelites closely matches with that of PAAS. Although, the average quartzites of 
the Ajabgarh group appear to be depleted in all the REEs the Alwar quartzites are 
depleted only in HREE relative to PAAS. 
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Figure 4.6 Average upper continental crust (UCC) - normalized multielement spidergrarns. A 
- avg. Alwar Group quartzites compared with avg. Ajabgarh Group quartzites, B - avg. Aiwar 
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- avg. Alwar basin quartzites compared with average Alwar basin metapelites. Normalizing 
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In order to constrain systematic differences in rare earth element 
characteristics, if any, the REE patterns of average quartzite and metapelites of 
different formations of Alwar and Ajabgarh groups are shown in figure 4.8. No 
systematic differences in the REE patterns among different stratigraphic units are 
observed. However, (La/Yb), ratio appears to show a strtigraphic control. It decreases 
from 26 and 15 in quartzite and metapelite of oldest Tehla Formation to 13 and 19 in 
same rocks of Rajgarh Formation then to 19 in quartzite of Kankwarhi formation to 
finally 8 and 8 in quartzite and metapelites of Fratapgarh formation. The ratio is again 
increased in quartzites (18) and metapelites (27) of Kushalgarh Formation, the 
lowermost formation of Ajabgarh Group and suddenly decreased in overlying Scriska 
formation (6 and 2 in quartzites and metapelite respectively). The quartzite of 
youngest Thana Ghazi Formation show a sudden increase in (La/Yb)„ ratio to 13. 
These fluctuations in 1KEE patterns of different Formations of Delhi Supergroup of 
Alwar basin suggest that the composition of different lithologies in the source terrain 
may be the controlling factor of the composition of these sedimentary rocks. The 
mixing of debris from local and distal sources in different proportions probably 
controlled the composition of sedimentary rocks of different formations. 
4.9 Mineral Control on whole rock geochemistry and implicatinn 
It is widely accepted that hydraulic sorting and quartz dilution can 
significantly modify the chemical composition of clastic sedimentary rocks. Therefore, 
sorting and concentration of accessory minerals such as zircon, monazite, allanite, and 
sphene usually affect the distribution of some trace elements (Cullers, 1994, 2000). 
High maturity of Alwar basin quartzites, as observed by microscopic analysis, shows 
that quartz dilution should have considerable affect over chemical composition of 
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Figure 4.7 Chondrite —normalized REP patterns. A - avg. Alwar Group quartzites compared 
with avg. Ajabgarh Group quartzites, B - avg. AIN%ar Group metapelites compared with avg. 
Ajabgarh Group metapelites of Delhi Supergroup and C - avg. Alwar Group quartzites. avg. 
Ajabgarh Group quartzites, avg. Alwar Group metapelites and avg. Ajabgarh metapelites 
compared with that of PAAS. Normalizing values after Taylor and McLennan (1985). 
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Figure 4.8 Average chondrite- normalized REF patterns of different formations of Delhi 
Snpergmip of the Alwar hasin. 
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these rocks. This is consistent with strong negative correlation of Si02 with A1203 (r = 
-0.94), Th (r — -0.63) and 7. REEs (r = -0.61) shown by quartzite samples. K20 (0.15-
4.72%; avg. = 2.51 %) and Na2O (0.03 - 4.33 ppm, avg. = 0.42 ppm;) contents and 
>lvalues of K20/Na20 ratios (1.28 - 95.00; avg. = 19.52) shown by most of our 
samples (except S25, 59, and SI 5) are also consistent with petrographic data which 
indicate dominance of K-feldspar over plagioclase feldspar. A strong correlation 
between Rb and K 20 shown by quartzites (r ° 0.64) and metapelites (r = 0.95) of 
these clastic rocks suggests an alkali feldspar and clay mineral control on abundances 
of these elements. 	 %~_2 
i 
The immobile trace elements such as IIFSE, Th and Sc concentrations in ;i'~ 
metasedimentary rocks are considered as useful tools to determine occurrence of 
mineral sorting during transportation and deposition., the composition of source areas, 
and the tectonic setting of depositional basin (Taylor and McLennan, 1985; Rhatia 
and Crook, 1986; McLennan and Taylor, 1991; Payne et al., 2006; Long et al., 2012), 
In this regard the ratios of immobile elements with similar hydrodynamic behavior are 
more important because they remain unaltered during secondary processes (Fralick 
and Kronberg, 1997). 
High concentration of A1203 in some of our quartzite samples is probably due 
to presence of relatively higher amount of feldspar in their mode. The data display 
variable degrees of negative correlation for Si02 vs. A1203 (r = 0.94) indicating a 
decrease in unstable components (e.g. feldspars and rock fragments) with an increase 
in mineralogical maturity (Gu et al., 2002). Positive correlation of TiO2 with Fe203 (r 
= 0.73) can be attributed to iron retention in palaeoweathering profiles (Young and 
Nesbitt, 1998; Holland and Beukes, 1990). "1'he covariation of iron and TiO2 indicates 
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that iron was also enriched during weathering and might have been contributed by 
chlorite which forms an important constituent among clays in case of relative mafic 
provenance. Quartzites show strong positive correlation of Ti02 with V (r = 0.94). Y 
(r = 0.73) and HREE such as Lu (r = 0.60) and Yb (r — 0.66), suggesting possible 
presence of Ti-oxides. Associated metapelites also show positive correlation of Ti02 
with Y (r = 0.69) and HREE such as Lu (r = 0.87) and Yb (r = 0.86). Moderate 
positive correlation of Al203 with K20 (r = 0.46) and Rb (r = 0.58) suggest that both 
K and Rb reside in phyllosilicates. The correlation of A1203 with K20 (r = 0.96) and 
Rb (r = 0.89) is more strong in metapelites because peletic rocks are more enriched in 
clay minerals and /or micas than arenites. Lack of correlation between A1203 and Cr 
in quartzite (r = -0.40) and metapelites (r = -0.49 in) indicates possible presence of Cr 
bearing accessory oxide minerals such as chromite (Meinhold et al., 2007). In 
metapelites, Ti02 shows strong positive correlation with A1203 (r = 0.84), MgO (r = 
0.73), Sc (r = 0.89), and Cr (r = 0.76), and negative correlation with Fe203 (r = - 0.47), 
MnO (r=-0.77), P205 (r = - 0.51) andNa2O (r=-0.55) indicating that Ti02 occurs as 
an essential constituent of clays (kaolinite) as well as mafic minerals. The lower Ti02, 
FeO and MgO concentrations in the quartzites (0.23, 1.01 and 0.27 % respectively) 
relative to metapelitc (0.78, 1.58 and 1-32 respectively) may be due to the higher 
chlorite and hematite — magnetite in the metapelites relative to the quartzites. An 
inverse relationship between Si02 and A1203 is illustrated in figure 4.9. Quartzites 
plot at the highest Si02 and lowest AI2O} concentrations due to abundant quartz and 
absence of most other minerals. This relationship is most likely due to the high A1203 
content of the phylosilieates in the melapelites. 
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Strong positive correlations of Rb with Al and K in quartzites (r = 0.58 and 
0.64; respectively) and metapelites (r — 0.94, 0.95; respectively) indicate association 
oC Rb with K- feldspars. Both quartzites and metapelites show strong to moderate 
positive correlations between the contents of Nb and At (r = 0.39 and 0.77 
respectively) and Nb and Ti (r = 0.51 and 0.82 respectively) and La and Ti (r = 0.28 
and 0.29 respectively), indicating that the levels of these elements are probably partly 
controlled by the clay minerals or hosted by accessory phases such as Ti- oxides. Y 
shows positive correlation with Al in quartzites (r = 0.43) and metapelites (r — 0.74) 
and with K in metapelites (r — 0.70) 	indicating presence of heavy minerals 
containing Y such as monazite, gadolinite and garnet. Positive correlation of Fe with 
Co (r = 0.85) and Ni (r — 0.46) in metapelites indicate presence of these elements in 
Fe — oxide minerals. 
4.10 Influence of Heavy Mineral Accumulation 
A number of heavy minerals (particularly zircon, allanite and monazite) are 
dominated by trace elements, and thus their accumulation in high concentration may 
significantly influence trace element concentrations in sedimentary rocks (McLennan 
et al., 1993). Of these three minerals, only zircon is visible in the studied samples of 
quartzites. These quartzites show large variation in Th (0.91 - 25.63 ppm), Sc (1.51 - 
6.03 ppm), La (1.78 - 54.31 ppm) and their ratios, indicating the possibility that 
composition of these rocks might have influenced by heavy minerals particularly 
zircon, allanite and monazite (McLennan, 1989), through process of sorting and 
recycling. In quartzites, A1203 shows positive correlation with LREE such as La (r = 
0.65), Ce (r = 0.62), Pr (r = 0.61), Nd (r = 0.62), Sm (r = 0.56), F.0 (r = 0.59) and Gd 
(r — 0.60) and moderate relationship with 1-TREE such as Tb (r = 0.55), and Lu (r = 
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0.52). These relationships indicate control of aluminosilicates such as clay, mica and 
feldspar. However, metapelites show strong positive correlation of AI203 with HREE 
such Dy (r = 0.66), Ho (r = 0.75), Er (r = 0.78), 'I'm (r = 0842), Yb (r = 0.86) and Lu (r 
= 0.87) suggesting influence of HREE bearing aluminous phase such as garnet. In 
quartzites, LREE such as La (r = 0.76), Cc (r = 0.72), Pr (r = 0.65), Nd (r = 0.60 and 
Sm (r = 0.56) show positive correlation with Th, indicating that REEs are possibly 
housed in Monazite. The presence of monazite would show significant enrichment in 
LREE/ HREE ratio. The highly enriched samples in Th e.g. MR3 (Th = 21.99ppm), 
S6 (Th = 21.4 ppm) and MR2 (Th = 18.74) have high (La/Yb)„ ratios (28.50, 51.25, 
25.05 respectively). These relationships are not observed in metapelite data. Quartzite 
samples also show a moderate positive correlation of Th (r = 0.52) with (La/Yb)„ 
indicating partial monazite control over LREE. Positive correlation of Zr with Th in 
quartzites (r = 0.44) and metapelites (r = 0.79) and with I REE as shown by 
quartzites (r = 0.60) indicate that zircon also has some influence over the abundances 
of these elements. Quarzites also show positive correlation of Zr with LREEs (r = 
0.58). The tune of correlation coefficient of I.RFEs with Zr is high to moderate with 
La (r = 0.64), Cc (r = 5.9), Pr (r = 5.5), Nd (r = 5.3), and Sm (r = 4.8). HREEs also 
show good correlation with Zr (r - 0.73). These relationships indicate some control of 
zircon over REEs. Zircon, an aluminous free silicate is the principal Zr bearing 
minerals in igneous and sedimentary rocks. It tends to be HREE enriched. The lack of 
correlation of Zr with HREE such as I.0 (r = 0.27) and Yb (r = 0.26), does not support 
the idea that zircon alone controls the REE geochemistry of the Alwar basin quartzites. 
Zircon preferentially incorporates HREE relative to LREE and its accumulation leads 
to HREE enrichment and decrease in (La/Yb)„ ratio, as a result, negative correlation 
between Zr and (La/Yb), ratio is expected. But no such relationship exists in quartzite 
(r = 0.47) and metapelites (r=0.16) samples of this study, thus ruling out overall 
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zircon control on REFS in these rocks. Therefore, the enrichment can be considered to 
represent transport of REF enrichment from the provenance region (e.g. McLennan et 
at., 1993). These data suggest a possibility that different phases host REE in the 
Alwar basin siliciclastie rocks. Positive correlation of A1203 with Zr (r = 0.66), La (r 
0.65) and Yb (r = 0.48) suggests that probably zircon and clay minerals, both have 
some control on the REE geochemistry of Alwar quartzites. 
In metapelites, transition elements like, Sc (r = 0.83), and Cr (r 0.49) show a 
strong to moderate correlation with Al203. Also, these elements are strongly 
correlated with Ti02 (r = 0.89, 0.76 respectively) and MgO (r — 0.56, 0.40 
respectively). Al typically resides in clays (e.g. kaolinite, illite, smectite). micas, 
chlorite, and to a lesser extent mafic minerals (e.g. augite and hon2blende). Ti occurs 
as chemical constituent of clays and mafic minerals (e. g. biotite, chlorite and 
ilmenite). These relationships signify that transition elements are fixed in clay 
mineral like chlorite and are related to tholeiitic mafic components enriched in Fe, Ti 
and Mg. In these metapelites the A1203 is positively correlated with KZO (r = 0.96), 
Rh (r = 0.83), and Ba (r = 0.86) indicating that these elements are fixed in K-rich 
clays (i.e. illites). Strong positive correlations of Al with Ti02 (r - 0.84) and K (r = 
0.96) indicate partial control of biotite. However, the lack of correlation between KO 
and REE indicate that REEs are not hosted by illites. 
This does not appear to be the entire story, the HREEs strongly correlated with 
Y and also with Sc and V. The tune of correlation coefficient with Y is quite high for 
Yb in quartzite (r = 0.98) and in metapelites (r — 0.96). Similarly Sc is strongly 
correlated with 14REE in quartzites and metapelites, e.g. Lu (r = 0.86, 0.91 
respectively) and Yb (r = 0.86, 0.92 respectively). V show strong correlation with Yb 
(r = 0.74) in quartzite and 0.68 in metapelites). These relationships indicate partial 
control of garnet and some mafic minerals. 
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Table 4.1: Geochemical Composition of Quartzite of Alwar Basin 
SAMPLE 	S25 MRI 	NIR2 MR3 T 	SI S2 S3 S6 S7 	1 	S8 
SiO. 	95.90 86.35 84.91 84.91 84.95 93.05 91.98 83.97 84.78 85.57 
TiO, 0.05 0.16 0.17 0.22 0.27 0.44 0.23 0.09 0.16 0.13 
A120, 0.38 6.71 6.97 7.82 8.79 1.72 3.20 9.65 7.10 7.10 
Fe2O, 0.10 0.34 0.46 0.35 2.20 	1.35 1.18 0.18 1.22 0.52 
CaO 0.02 0.20 0.22 0.23 0.10 0.09 0.42 0.04 0.06 0.17 
MgO 0.08 0.23 0.24 0.25 0.43 0.21 0.53 0.26 0.10 0.10 
Na20 0.09 0.18 0.22 0.26 0.08 0.11 0.05 0.19 0.21 2.23 
KO 0.05 4.14 4.24 4.72 2.59 0.50 0.99 4.24 4.19 2.87 
MnO 0.08 0.23 0.24 0.25 0.01 0.01 0.01 0.01 0.02 0.01 
PZOS 0.01 0.04 0.06 0.08 0.05 0.01 0.23 0.01 0.05 0.07 
Sc 1.51 2.09 2.10 2.06 2.62 2.02 1.63 1.59 1.90 1.87 
V 2.50 15.06 15.90 17.87 15.68 30.58 6.41 10.63 11.85 12.91 
Cr 45.17 17.98 17.92 15.38 49.09 53.33 20.65 49.28 55.05 43.33 
Co 19.38 33.39 23.89 26.53 10.61 43.36 3.73 12.08 33.55 24.10 
Ni 10.45 15.41 14.99 11.59 20.77 22.29 13.83 29.53 24.11 20.82 
Cu 29.09 47.39 49.30 41.74 80.73 83.55 30.32 88.90 85.80 87.47 
Zn 36.66 14.37 19.34 11.62 190.93 177.05 48.02 170.54 169.08 171.96 
Ga 0.55 6.36 6.87 7.11 7.04 1.79 0.68 8.08 4.53 4.92 
Rb 3.23 68.45 71.71 70.95 85.84 20.36 7.90 98.47 172.44 106.99 
Sr 8.39 49.38 52.29 48.81 19.92 16.58 12.22 48.53 31.85 30.16 
Ba 25.18 481.45 503.40 478.10 208.05 57.98 30.75 406.32 5155.74 175.91 
Th 2.47 17.04 18.74 21.99 9.65 4.41 0.91 21.41 4.22 8.95 
U 0.95 1.63 1.71 1.94 1.69 1.54 0.54 1.91 0.96 1.46 
Pb 6.60 10.68 11.52 9.80 7.73 8.16 4.43 12.92 11.59 11.28 
Y 1.33 6.94 7.42 8.42 6.90 7.60 1.26 5.13 5.13 6.04 
Zr 118.40 261.33 252.68 270.37 243.04 213.42 36.99 357.85 175.95 192.52 
Nb 0.54 2.52 1.96 2.74 5.16 5.86 0.46 1.68 2.13 1.35 
La 3.23 23.17 24.17 28.84 24.33 13.16 1.78 36.51 10.11 9.00 
Ce 6.65 42.02 44.44 51.31 	49.74 	22.89 3.42 65.82 19.50 18.65 
Pr 0.77 4.98 5.23 6.28 	5.88 3.28 0.40 8.05 2.49 2.32 
Nd 2.68 17.87 17.84 21.97 20.96 12.38 1.41 27.86 8.86 8.57 
Sm 0.48 2.73 2.86 3.53 3.20 2.41 0.26 4.63 1.54 1.69 
Eu 0.07 0.45 0.51 0.50 0.55 0.51 0.06 0.45 1.16 0.26 
Gd 0.43 2.51 2.58 3.10 2.93 2.16 0.31 3.88 1.54 1.54 
Tb 0.06 0.36 	0.37 0.44 0.39 0.34 0.06 0.46 0.23 j0.26 
Dy 0.27 1.57 1.61 1.89 1.57 1.55 0.25 1.32 1.13 1.29 
Ho 0.05 0.25 0.27 0.30 0.24 0.27 0.04 0.20 0.19 	0.22 
Er 0.14 0.74 0.75 0.83 0.77 0.70 0.12 0.63 0.5I 0.56 
Tm 0.02 0.10 0.11 0.12 0.11 0.11 0.02 0.08 0.08 0.09 
Yb 0.14 0.62 0.69 0.73 0.72 0.76 0.15 0.51 0.47 0.58 
Lu 0.03 0.10 0.12 0.12 0.12 0.13 0.02 0.09 0.08 0.09 
La„ 3.23 23.17 24.17 28.84 24.33 13.16 1.78 36.51 10.11 9.00 
Cep 6.65 42.02 44.44 51.31 49.74 22.89 3.42 65.82 19.50 18.65 
Continued...... 
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SAMPLE 	S25 NIRI 	MMR2 	MR3 	SI S2 	S3 	S6 S7 S8 
Pr, 0.77 4.98 	5.23 6.28 5.88 3.28 0.40 	8.05 2.49 2.32 
Nd. 2.68 17.87 17.84 21.97 20.96 12.38 1.41 27.86 8.86 8.57 
Sm, 0.48 2.73 2.86 3.53 3.20 2.41 0.26 4.63 1.54 1.69 
Eu, 0.07 0.45 0.51 0.50 0.55 0.51 0.06 0.45 1.16 0.26 
Gd, 0.43 2.51 2.58 3.10 2.93 2.16 0.31 3.88 1.54 1.54 
Tb, 0.06 0.36 0.37 0.44 0.39 0.34 0.06 0.46 0.23 0.26 
Dy, 0.27 1.57 1.61 1.89 1.57 1.55 0.25 1.32 1.13 1.29 
Ho, 0.05 0.25 0.27 0.30 0.24 0.27 0.04 0.20 0.19 0.22 
Er. 0.14 0.74 0.75 0.83 0.77 0.70 0.12 0.63 0.51 0.56 
Tm, 0.02 0.10 0.11 0.12 0.11 0.11 0.02 0.08 0.08 0.09 
Yb, 0.14 0.62 0.69 0.73 0.72 0.76 0.15 0.51 0.47 0.58 
Lu, 0.03 0.10 0.12 0.12 0.12 0.13 0.02 0.09 0.08 0.09 
Th!,'Sc 1.64 8.15 8.95 10.69 3.68 2.18 0.56 13.46 2.22 4.80 
Th' l 	 2.59 10.48 10.99 11.32 5.72 2.87 1.69 11.20 4.41 6.12 
La'Sc 	2.15 11.08 11.54 14.02 9.28 6.51 1.10 22.95 5.32 4.83 
CrTh 18.30 1.06 0.96 0.70 5.09 12.08 22.59 2.30 13.06 4.84 
Zr Sc 78.67 124.98 120.61 131.44 92.69 105.50 22.75 224.92 92.60 103.23 
Ti Zr 2.53 3.67 4.04 4.88 7.18 23.28 37.31 2.09 5.46 4.05 
Sc.-Th 0.61 0.12 0.11 0.09 	0.27 0.46 1.78 0.07 0.45 0.21 
Co.Th 7.85 1.96 1.27 	1.21 	1.10 9.82 4.08 0.56 7.96 2.69 
La-7h 1.31 1.36 1.29 	1.31 	2.52 2.98 1.95 1.71 2.40 1.01 
Hf 3.77 8.57 8.19 8.82 	7.69 6.29 	1.14 11.40 5.60 6.03 
Sr Sc 5.57 23.61 24.96 23.73 7.60 8.19 	7.52 30.50 16.76 16.17 
Rb Sr 0.39 1.39 1.37 1.45 4.31 1.23 0.65 2.03 5.41 3.55 
K ,O, Na.O 0.56 23.00 19.27 18.15 32.38 4.55 19.80 22.32 19.95 1.29 
SiO12A1.03 252.37 12.87 12.18 10.86 9.66 54.10 28.74 8.70 11.94 12.05 
K,0./AI.03 0.13 0.62 0.61 0.60 0.29 0.29 0.31 0.44 0.59 0.40 
Zr'Nb 218.05 103.54 128.92 98.64 47.09 36.44 80.06 213.64 82.76 142.60 
ICV 1.03 0.78 0.80 0.77 0.65 1.57 1.06 0.52 0.84 0.85 
Eu'Eu 0.46 0.52 0.57 0.47 0.55 0.68 0.66 0.33 2.30 0.50 
(La Sm )n 4.33 5.47 5.46 5.27 4.91 3.52 4.45 5.09 4.23 3.44 
(La l'b m 16.66 26.76 25.05 28.50 24.17 12.50 8.65 51.25 15.37 11.13 
(GdYbin 2.55 3.34 3.08 3.53 3.36 2.37 1.71 6.28 2.70 2.19 
CIA 61.42 56.61 56.56 56.76 73.82 66.00 62.52 65.98 58.72 50.05 
PIA 63.85 77.14 75.73 76.20 95.02 77.37 71.54 92.92 84.93 50.08 
CIW 67.32 91.04 90.14 90.23 96.56 83.30 79.08 96.16 93.98 64.08 
Major elements in oxide wt"/o, trace elements in ppm. 
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Table 4.1: Geochemical Composition of Quartzite of Aiwar Basin 
SAMPLE: S9 	S10 	Sit 	S 12 	S13 S14 	S15 	! 	S28 S29 
SiO • 87.44 95.90 95.90 	j 	91.85 84.62 84.21 96.07 	91.04 87.02 
TiO,  0.19 0.09 0.10 1.01 0.57 0.17 0.07 0.26 0.64 
AI;O, 4.89 1.42 1.58 2.92 7.51 5.34 0.74 3.55 5.25 
Fe20, 0.78 0.40 0.76 3.09 1.28 1.73 0.34 2.07 5.35 
CaO 0.13 0.05 0.04 0.09 0.11 1.60 0.10 0.05 0.09 
MgO 0.22 0.11 0.17 0.34 0.29 0.23 0.57 0.10 0.17 
Na:O 4.33 0.06 0.05 0.05 0.15 0.15 0.03 0.08 0.10 
K20 0.02 0.40 0.75 0.99 3.80 3.02 0.03 1.78 1.59 
MnO 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.01 0.01 
P.O% 0.11 0.02 0.02 0.02 0.06 1.61 0.05 0.04 0.05 
Sc 1.76 1.74 1.63 3.40 3.20 2.25 1.57 2.18 2.31 
V 13.69 5.59 12.32 116.85 55.55 30.56 4.84 30.53 59.10 
Cr 43.85 41.95 38.48 47.57 63.79 46.84 46.27 84.04 58.95 
Co 31.80 35.69 66.98 54.62 27.33 36.48 43.14 30.09 38.17 
Ni 21.87 19.39 30.17 35.09 41.75 13.66 17.12 44.45 45.17 
Cu 88.73 84.56 96.70 105.67 48.55 30.76 32.41 51.05 75.78 
Zn 190.82 155.17 181.98 212.60 52.35 29.11 35.71 62.88 208.38 
Ga 3.41 1.43 1.46 3.57 7.81 4.03 0.85 3.91 5.00 
Rb 3.03 18.30 24.67 37.18 179.05 116.08 1.95 110.00 98.82 
Sr 15.99 13.79 15.72 16.39 25.55 42.08 10.21 18.10 25.38 
Ba 39.22 70.51 61.00 97.63 285.40 234.03 26.83 137.80 139.09 
Th 10.48 3.40 2.90 2.90 12.07 5.52 3.99 13.79 25.63 
U 1.52 1.31 1.20 1.39 1.76 25.54 1.14 2.57 4.46 
Pb 7.86 7.43 10.39 8.41 10.63 11.64 7.95 10.59 11.71 
Y 7.35 3.70 4.79 35.00 8.67 17.50 2.47 13.03 23.42 
Zr 267.98 120.73 101.12 222.14 272.50 135.23 221.30 225.65 422.36 
Nb 1.30 0.86 0.92 2.03 3.16 2.76 1.04 2.38 2.67 
La 17.77 4.39 7.14 6.85 31.21 6.10 11.41 43.52 39.45 
Ce 37.14 8.69 13.78 14.45 60.74 12.89 22.88 91.65 82.74 
Pr 4.56 1.00 1.75 2.20 7.39 1.74 2.76 11.15 10.29 
Nd 16.29 3.66 6.43 9.14 26.42 7.92 10.09 37.83 36.60 
Sm 2.97 0.66 1.26 2.43 4.25 3.05 1.86 7.75 7.85 
Eu 0.30 0.10 0.24 0.97 0.64 0.62 0.21 0.86 0.74 
Gd 2.57 0.68 1.14 3.12 3.51 3.16 1.51 6.14 6.37 
Tb 0.39 0.12 0.18 0.81 0.51 0.61 0.18 0.95 1.11 
Dy 1.58 0.66 0.87 5.76 2.05 3.20 0.62 3.67 5.18 
Ho 0.27 0.13 0.17 1.21 0.32 0.58 0.10 0.52 0.86 
Er 0.76 0.35 0.46 3.29 0.96 1.49 0.30 1.40 2.35 
Tm 0.11 0.06 0.07 0.57 0.14 0.25 0.04 0.21 0.38 
Yb 0.71 0.41 0.45 3.24 0.88 1.44 0.26 1.31 2.29 
Lu 0.12 0.07 0.08 0.50 0.14 0.22 0.05 0.21 0.34 
La, 17.77 4.39 7.14 6.85 31.21 6.10 11.41 43.52 39.45 
Ce. 37.14 8.69 13.78 14.45 60.74 12.89 22.88 91 .65 82.74 
Continued...... 
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SAMPLE S9 S10 	Sii S12 S13 S14 S15 S28 S29 
Pr, 4.56 1.00 1.75 2.20 7.39 1.74 2.76 11.15 10.29 
Ndn 16.29 3.66 6.43 9.14 26.42 7.92 10.09 37.83 36.60 
Sm, 2.97 0.66 1.26 2.43 4.25 3.05 1.86 7.75 7.85 
Eu, 0.30 0.10 0.24 0.97 0.64 0.62 0.21 0.86 0.74 
Gd, 2.57 0.68 I.14 3.12 3.51 3.16 1.51 6.14 6.37 
Tb„ 0.39 0.12 0.18 0.81 0.51 0.61 0.18 0.95 1.11 
Dy, 1.58 0.66 0.87 5.76 2.05 3.20 0.62 3.67 5.18 
Ho, 0.27 0.13 0.17 1.21 0.32 0.58 0.10 0.52 0.86 
Er„ 0.76 0.35 0.46 3.29 0.96 1.49 0.30 1.40 2.35 
Tm, 0.11 0.06 0.07 0.57 0.14 0.25 0.04 0.21 0.38 
Yb, 0.71 0.41 0.45 3.24 0.88 1.44 0.26 1.31 2.29 
Lu, 0.12 0.07 0.08 0.50 0.14 0.22 0.05 0.21 0.34 
Th Sc 5.96 1.96 1.78 0.85 3.77 2.45 2.55 6.33 11.08 
Th./U 6.88 2.59 2.41 2.09 6.88 0.22 3.50 5.37 5.75 
La/Sc 10.10 2.53 4.38 2.02 9.74 2.71 7.29 19.96 17.05 
Cr/Th 4.19 12.33 13.25 16.42 5.28 8.48 11.59 6.09 2.30 
Zr/Sc 152.35 69.38 62,07 65.41 85.05 60.05 141.41 103.51 182.53 
Ti/Zr 6.79 4.47 5.93 49.62 13.54 7.54 3.46 12.42 17.27 
Sc/Th 0.17 0.51 0.56 1.17 0.27 0.41 0.39 0.16 0.09 
Co' T'h 3.04 10.49 23.06 18.85 2.26 6.61 10.80 2.18 1.49 
La't'h 1.70 1.29 2.46 2.36 2.58 1.11 2.86 3.16 1.54 
Hf 8.31 3.99 3.10 6.40 8.39 4.35 6.53 6.91 13.14 
Sr'Sc 9.09 7.92 9.65 4.83 7.97 18.69 6.52 8.30 10.97 
Rb/Sr 0.19 1.33 1.57 2.27 7.01 2.76 0.19 6.08 3.89 
K:O; Na.O 0.00 6.67 15.00 19.80 25.33 20.13 1.00 22.25 15.90 
SiO2/AI,O, 17.88 67.54 60.70 31.46 11.27 15.77 129.82 25.65 16.58 
K20/AI.03 0.00 0.28 0.47 0.34 0.51 0.57 0.04 0.50 0.30 
Zr,,Nb 206.94 141.20 109.55 109.27 86.12 49.00 213.41 94.89 158.43 
ICV 1.16 0.78 1.18 1.91 0.83 1.29 1.54 1.22 1.51 
Eu/Eu* 0.34 0.45 0.61 1.08 0.51 0.61 0.39 0.38 0.32 
(La'Sm)n 3.86 4.30 3.67 1.82 4.74 1.29 3.97 3.62 3.25 
(La/Yb)n 17.85 7.73 11.41 1.51 25.59 3.04 31.24 23.87 12.37 
(Gd/Yb)n 2.98 1.37 2.I0 0.80 3.32 1.81 4.77 3.89 2.30 
CIA 39.84 69.51 62.03 68.90 62.21 45.38 73.72 62.28 71.92 
PIA 39.80 83.88 83.20 88.25 88.37 39.59 75.36 87.93 91.49 
CIW 39.91 88.21 91.06 92.23 94.38 62.84 76.19 94.10 94.11 
mayor elements in oxide wt%, trace elements in ppm. 
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Table 4.1: Geochemical Composition of Quartzite of Alwar Basin 
SAMPLE 	MR7 	MR8 	', 	S19 	MR') 	S26 	S27 MR4 MRS 	MR6 
SiO, 	89.67 	78.07 90.45 	82.14 95.90 	95.90 83.87 88.64 	86.02 
Ti0. 0.19 0.33 0.09 0.32 0.05 0.05 0.12 0.13 0.16 
AI20, 5.89 12.90 0.86 12.02 0.31 0.30 7.74 5.12 6.21 
Fe2O, 0.26 0.70 0.56 0.40 0.07 0.31 0.85 0.57 0.77 
CaO 0.18 0.22 1.63 0.20 0.02 0.03 0.22 0.21 0.24 
MgO 0.17 0.60 1.95 0.20 0.05 0.06 0.01 0.01 0.01 
Na,O 0.08 0.12 0.04 0.08 0.07 0.04 1.05 0.68 0.95 
K,0 0.79 2.35 0.15 	0.96 3.50 3.80 4.21 3.14 3.22 
MnO 0.01 0.02 0.02 0.03 0.01 0.01 0.01 0.02 0.01 
P,05 0.01 0.03 0.01 0.02 0.01 0.02 0.10 0.07 0.12 
Sc 2.92 6.03 1.80 4.63 1.58 1.70 2.03 1.54 1.87 
V 14.30 47.48 7.59 32.24 4.47 9.26 26.87 15.39 22.09 
Cr 22.95 23.53 45.09 22.57 42.31 105.47 16.67 16.06 16.45 
Co 24.70 39.29 20.40 24.21 44.64 73.84 24.21 41.47 30.41 
Ni 16.15 18.01 14.91 14.01 14.99 155.59 12.05 16.60 13.08 
Cu 48.73 61.84 25.62 46.66 29.76 42.52 57.57 48.71 61.25 
Zn 15.92 24.34 27.88 25.25 28.14 31.12 16.16 13.45 16.35 
Ga 3.70 13.05 0.76 9.93 0.23 0.42 5.14 3.18 4.55 
Rb 21.62 73.07 6.77 38.56 2.22 2.19 116.43 84.05 91.42 
Sr 7.50 11.30 21.62 13.58 10.71 12.43 14.87 9.82 14.77 
Ba 171.97 465.45 57.92 161.56 34.44 41.91 193.65 130.06 144.09 
Th 9.33 12.35 2.45 11.25 0.96 1.25 12.30 9.43 10.93 
U 2.59 4.72 1.06 2.74 0.80 1.00 1.31 1.20 1.33 
Pb 9.31 8.86 8.37 13.82 10.75 11.60 10.78 9.24 9.02 
Y 18.12 30.57 2.95 23.55 3.45 3.92 7.56 7.18 8.05 
Zr 821.59 774.22 180.14 693.61 48.92 63.64 213.88 185.16 193.10 
Nb 4.97 4.08 0.65 4.24 0.85 1.68 1.89 1.73 1.79 
La 10.78 54.31 8.36 24.12 2.93 6.12 8.82 13.69 23.41 
Ce 18.64 118.78 15.57 41.90 4.93 11.48 17.22 28.64 47.94 
Pr 2.55 17.90 1.75 4.64 0.68 1.74 2.04 3.58 5.79 
Nd 10.26 72.14 6.06 17.41 2.47 7.12 7.35 13.36 20.60 
Sm 2.29 13.53 0.96 3.39 0.58 1.74 1.51 2.39 3.65 
Eu 0.58 2.48 0.21 0.81 0.13 0.42 0.24 0.32 0.44 
Gd 2.42 11.13 0.94 3.70 0.62 1.73 1.57 2.08 3.12 
Tb 0.50 1.75 0.14 0.73 0.13 0.33 0.31 0.35 0.50 
Dy 3.40 7.59 0.59 4.26 0.68 1.42 1.66 1.58 2.05 
Ho 0.62 1.23 0.11 0.89 0.13 0.19 0.28 0.26 0.30 
Er 1.79 3.34 0.32 2.61 0.37 0.47 0.72 0.68 0.80 
Tm 0.33 0.55 0.05 0.46 0.06 0.06 0.12 0.10 0.11 
Yb 2.23 3.54 0.33 2.93 0.40 0.42 0.74 0.77 0.75 
Lu 0.40 0.59 0.06 0.57 0.06 0.06 0.11 0.11 0.12 
L4 10.78 54.31 8.36 24.12 2.93 6.12 8.82 13.69 23.41 
Ce„ 18.64 118.78 15.57 41.90 4.93 11.48 17.22 28.64 47.94 
Continued...... 
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SAMPLE 	MR7 	MR8 j 	S19 	MR9 	S26 S27 	MR4 MRS 	MR6 
Pr,, 	 2.55 17.90 1.75 4.64 	0.68 1.74 2.04 3.58 5.79 
Nd,, 10.26 72.14 6.06 17.41 2.47 7.12 7.35 13.36 20.60 
Sm" 2.29 13.53 0.96 3.39 0.58 1.74 1.51 2.39 3.65 
Eu„ 0.58 2.48 0.21 0.81 0.13 0.42 0.24 0.32 0.44 
Gd,, 2.42 11.13 0.94 3.70 0.62 1.73 1.57 2.08 3.12 
Tb„ 0.50 1.75 0.14 0.73 0.13 0.33 0.31 0.35 0.50 
Dy, 3.40 7.59 0.59 4.26 0.68 1.42 1.66 1.58 2.05 
Ho,, 0.62 1.23 0.11 0.89 0.13 0.19 0.28 0.26 0.30 
Er, 	 1.79 3.34 0.32 2.61 0.37 0.47 0.72 0.68 0.80 
Tm„ 	 0.33 0.55 0.05 0.46 0.06 0.06 0.12 0.10 0.11 
Yb,, 2.23 3.54 0.33 2.93 0.40 0.42 0.74 0.77 0.75 
Lu,, 0.40 0.59 0.06 0.57 0.06 0.06 0.11 0.11 0.12 
Th'Sc 3.19 2.05 1.36 2.43 0.61 0.74 6.06 6.13 5.84 
Th/U 3.61 2.62 2.32 4.10 1.19 1.25 	9.39 7.85 8.20 
La'Sc 3.69 9.01 4.66 5.21 1.85 3.60 	4.34 8.90 12.50 
Cr/Th 2.46 1.90 18.40 2.01 44.12 84.45 	1.35 1.70 1.51 
Zr.'Sc 281.37 128.44 100.36 149.87 30.89 37.45 	105.26 120.39 103.15 
TuZr 5.14 8.07 3.00 9.92 6.13 4.71 3.37 4.21 4.97 
Sc,/Th 0.31 0.49 0.73 0.41 1.65 1.36 0.17 0.16 0.17 
Co/Th 2.65 3.18 8.33 2.15 46.55 59.12 1.97 4.40 2.78 
La/Th 1.16 4.40 3.41 2.14 3.05 4.90 0.72 1.45 2.14 
Hf 24.95 24.50 5.26 21.56 1.39 1.94 6.92 5.97 6.12 
Sr/Sc 2.57 1.87 12.05 2.93 6.76 7.31 7.32 6.38 7.89 
Kb/Sr 	 2.88 6.47 0.31 2.84 0.21 0.18 7.83 8.56 6.19 
K,O,TIa,O 	9.88 19.58 3.75 12.00 50.00 95.00 4.01 4.62 3.39 
Si02 /A120; 	15.22 6.05 105.17 6.83 309.35 319.67 10.84 17.31 13.85 
K2O'AI,O;  0.13 0.18 0.17 0.08 11.29 12.67 0.54 0.61 0.52 
Zr/Tlb 165.44 189.99 278.42 163.47 57.49 37.95 112.93 106.91 107.76 
ICV 	 0.28 0.33 5.14 0.18 	12.13 14.30 0.83 0.93 0.86 
Eu/Eu` 	0.75 0.62 0.67 0.70 0.66 0.73 0.48 0.44 0.40 
(La Sm)n 	3.04 2.59 5.63 	J  4.59 3.29 2.27 3.77 3.69 4.14 
(La/Yb)n 	3.46 11.00 18.39 5.90 5.30 10.38 8.50 12.83 22.27 
(Gd/Yb)n 	0.90 2.60 2.38 1.04 1.28 3.39 1.75 2.25 3.43 
CIA 81.75 80.41 21.21 88.68 7.29 6.62 53.65 51.09 53.09 
PIA 91.64 94.54 18.71 95.68 104.55 103.26 59.92 53.40 57.66 
CIW 92.77 95.57 96.04 67.16 71.36 78.43 77.33 75.64 78.62 
Mayor eiements in oxide wt'Yo, trace elements in ppm. 
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Table 4.2: Geochemical Composition of Metapelites of Alwar Basin 
SAMPLE S20 S21 S22 S23 	S24 MR18 MR19 j MR20 
Si02 65.90 72.58 67.38 73.93 72.92 68.85 71.57 	71.41 
110, 0.54 0.36 0.51 0.49 0.42 0.70 0.64 0.67 
A1,03 17.60 12.58 14.67 12.32 12.20 16.06 14.42 12.51 
Fe,0;  3.52 2.58 4.13 2.55 3.16 0.76 0.94 3.03 
CaO 0.48 0.27 0.29 0.27 0.29 0.17 0.17 0.20 
MgO 1.48 1.01 1.58 0.93 1.24 1.21 1.27 1.12 
Na,0 3.82 3.90 4.28 3.74 4.32 0.10 0.10 0.10 
K2O 4.58 3.99 4.16 4.11 3.92 5.00 5.14 4.60 
MnO 1.48 1.01 1.58 1 	0.93 1.24 0.02 0.01 0.03 
P205 0.16 0.10 0.14 0.07 0.12 0.03 0.07 0.13 
Sc 6.11 5.31 5.85 6.08 4.50 11.38 10.82 10.12 
V 55.08 40.13 59.21 56.76 43.37 669.53 739.18 639.75 
Cr 87.20 65.57 64.69 73.91 59.80 105.15 105.67 99.25 
Co 11.86 17.22 27.98 19.01 19.07 3.15 2.72 9.89 
Ni 22.21 22.44 25.34 33.48 28.27 34.54 14.14 41.57 
Cu 32.35 28.69 31.69 33.23 55.73 83.28 62.08 101.74 
Zn 54.01 39.59 62.44 66.26 52.21 227.00 83.34 163.46 
Ga 18.69 14.05 16.40 16.13 12.74 16.43 16.57 15.91 
Rb 123.12 96.82 99.38 142.31 103.00 152.13 149.83 129.33 
Sr 104.53 106.09 95.09 90.41 109.27 61.35 48.29 91.13 
Ba 946.88 1065.84 929.62 853.81 749.43 458.54 456.54 452.94 
Th 23.54 10.21 36.82 22.51 27.13 5.95 7.85 7.75 
U 2.50 1.49 3.32 3.24 2.53 7.58 7.45 7.64 
Pb 9.74 10.67 9.49 8.42 9.32 57.06 34.34 45.97 
Y 9.11 5.91 8.84 	12.37 11.36 17.98 13.67 16.38 
Zr 579.65 387.78 611.34 	899.08 422.90 256.49 242.69 238.01 
Nb 9.16 6.36 8.71 8.64 6.75 5.69 5.05 7.97 
La 8.73 5.22 20.02 20.05 40.76 38.90 43.21 44.82 
Cc 17.20 8.52 49.56 37.11 73.61 81.17 89.34 92.60 
Pr 2.04 1.06 4.87 	4.53 8.89 8.06 8.93 9.41 
Nd 7.90 4.07 16.89 	16.29 30.41 29.90 33.09 35.41 
Sm 1.67 0.96 2.91 	3.06 4.99 5.59 6.02 5.99 
Eu 0.57 0.56 0.72 0.86 0.96 0.95 0.97 0.95 
Gd 1.60 1.01 2.69 2.80 4.35 4.35 4.43 4.72 
Tb 0.28 0.18 0.41 0.47 0.64 0.57 0.55 0.58 
Dy 1.61 1.04 1.95 2.47 2.64 3.06 2.63 2.83 
Ho 0.31 0.20 0.35 0.46 0.44 0.69 0.55 0.63 
Er 0.86 0.55 0.88 1.24 1.17 1.87 1.50 1.83 
Tm 0.14 0.09 0.13 0.21 0.16 0.37 0.26 0.28 
Yb 0.86 0.59 0.85 	1.32 1.02 2.07 1.52 1.63 
Lu 0.14 0.10 0.14 	0.21 0.17 0.35 0.25 0.26 
La„ 8.73 5.22 20.02 	20.05 40.76 38.90 43.21 44.82 
Ce" 17.20 8.52 49.56 37.11 73.61 81.17 89.34 92.60 
Continued...... 
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SAMPLE S20 	S21 	S22 S23 	S24 MR18 MRI9 	MR20 
Pr, 2.04 	1.06 	4.87 4.53 	8.89 8.06 8.93 9.41 
Nd„ 7.90 4.07 	16.89 	! 	16.29 	1 	30.41 29.90 33.09 35.41 
Sm, 1.67 0.96 2.91 	3.06 4.99 5.59 6.02 5.99 
Eu„ 0.57 0.56 0.72 f 	0.86 0.96 0.95 0.97 0.95 
Gd, 1.60 1.01 2.69 2.80 4.35 4.35 4.43 4.72 
Tb,, 0.28 0.18 0.41 0.47 0.64 0.57 0.55 0.58 
Dy 1.61 1.04 1.95 2.47 2.64 3.06 2.63 2.83 
Ho„ 0.31 0.20 0.35 0.46 0.44 0.69 0.55 0.63 
Erg 0.86 0.55 0.88 1.24 1.17 1.87 1.50 1.83 
Tmn 0.14 0.09 0.13 0.21 0.16 0.37 0.26 0.28 
Yb„ 0.86 0.59 0.85 1.32 1.02 2.07 1.52 1.63 
Lu,, 0.14 0.10 0.14 0.21 0.17 0.35 0.25 0.26 
ThISc 3.85 1.92 6.30 3.70 6.04 0.52 0.73 0.77 
Th'U 9.40 6.85 11.08 6.95 10.74 0.78 1.05 j 	1.01 
La/Sc 1.43 0.98 3.43 3.30 9.07 3.42 3.99 4.43 
Cr/Th 3.71 6.42 1.76 3.28 2.20 17.67 13.46 12.80 
Zr Sc 94.84 73.07 104.59 148.00 94.08 22.54 22.43 23.52 
Ti'Zr 5.59 5.57 5.01 3.27 5.96 16.38 15.82 	16.89 
ScTh 0.26 0.52 0.16 	0.27 0.17 1.91 1.38 	1.31 
Co'Th 0.50 1.69 0.76 0.84 0.70 0.53 0.35 	( 	1.28 
La'Th 0.37 0.51 0.54 0.89 1.50 6.54 5.51 	5.78 
Hf 	 17.00 11.61 18.57 27.29 13.02 7.10 6.73 	6.65 
Sr'Sc 	! 	17.10 19.99 16.27 14.88 24.31 5.39 4.46 9.01 
Rb/Sr j 	1.18 0.91 1.05 1.57 0.94 2.48 3.10 1.42 
K,O/Na,O 1.20 1.02 0.97 1.10 0.91 50.00 51.40 46.00 
Si02/AI,O, 3.74 5.77 4.59 6.00 5.98 4.29 4.96 5.71 
K,O AI,O; 0.26 0.32 0.28 0.33 0.32 0.31 0.36 i 	0.37 
Zr.Nb 63.27 60.99 70.22 104.12 62.69 45.04 48.10 29.87 
ICV 0.82 0.96 1.02 0.98 1.09 0.49 0.57 i 	0.78 
Eu'Eu* 1.06 1.73 0.78 0.90 0.63 0.59 0.58 0.55 
(La Sm)n 3.38 3.49 4.45 4.23 5.27 4.49 4.63 4.83 
(La'Yb)n 7.25 6.31 16.84 10.91 28.81 13.45 20.41 19.77 
(Gd,'Yb)n 1.53 1.40 2.61 1.76 3.54 1.74 2.41 2.40 
CIA 59.22 52.84 54.85 52.61 50.66 73.17 70.48 69.43 
PIA 63.84 54.45 57.31 54.21 51.02 95.74 94.92 93.44 
CIW 71.08 64.55 65.96 64.96 61.50 97.13 96.82 95.95 
Major elements in oxide wt"/o, trace elements in ppm. 
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Table 4.2: Geochemical Composition of Metapelites of Alwar Basin 
SAMPLE 	MR21 	NIR22 	MR23 I  MR24 	MR25 	MR15 MR16 MR17 
Si0, 76.55 71.05 74.90 	71.06 78.01 50.28 51.95 51.73 
TiO, 0.65 0.64 0.72 0.80 0.61 1.39 1.07 1.41 
A1,0;  12.35 14.15 13.60 15.31 12.09 28.63 28.52 27.23 
Fe.0;  0.48 0.88 0.56 0.56 1.17 0.87 0.85 1.50 
CaO 0.20 0.20 0.20 0.23 0.18 0.42 0.22 0.32 
MgO 1.12 1.28 1.23 1.45 1.14 1.92 1.81 1.85 
Na,O 0.10 0.10 0.11 0.11 0.11 0.17 0.16 0.26 
KO 4.20 4.95 4.70 5.19 4.07 9.18 8.29 7.89 
MnO 0.02 0.04 0.02 0.02 0.01 0.01 0.01 0.01 
P,05 0.08 0.06 0.06 0.21 0.10 0.02 0.02 0.04 
Sc 9.59 10.85 10.46 11.84 9.61 18.44 17.23 19.33 
V 455.42 732.65 631.23 659.69 226.28 137.78 128.22 151.31 
Cr 89.76 107.06 91.30 94.79 97.73 136.86 118.04 125.19 
Co 3.68 3.52 2.48 2.15 4.13 4.97 3.42 12.16 
Ni 22.69 20.43 18.23 28.56 12.06 13.90 13.07 19.23 
Cu 	 67.52 68.69 61.26 77.74 62.17 	62.35 64.03 73.17 
Zn 84.45 162.90 111.27 499.37 73.88 	110.03 344.59 760.60 
Ga 	 14.50 16.28 16.05 18.27 14.40 33.77 30.57 30.91 
Rb 	 129.51 151.44 140.35 148.19 117.87 281.42 235.25 255.84 
Sr 39.34 35.76 51.18 46.96 59.21 64.40 44.32 58.32 
Ba 412.40 452.17 497.98 554.12 396.61 1638.17 1395.43 1868.50 
Th 7.01 6.21 6.78 11.17 4.56 22.99 19.68 32.49 
U 9.19 7.06 7.94 15.11 6.62 6.73 7.24 12.90 
Pb 41.56 50.50 48.72 51.90 35.95 34.96 33.92 40.45 
Y 19.64 16.24 16.83 20.36 17.77 32.31 30.54 49.19 
Zr 251.18 222.97 247.75 293.07 259.89 680.26 706.25 690.09 
Nb 5.20 4.86 4.19 10.47 7.48 36.03 17.50 34.31 
La 39.09 46.12 52.93 71.20 33.00 	35.55 31.42 88.06 
Ce 79.52 94.28 109.46 153.14 70.66 49.56 56.09 176.46 
Pr 7.59 9.58 11.08 14.89 6.6I 5.41 8.21 18.26 
Nd 27.20 36.07 41.12 57.12 23.63 19.76 35.29 71.84 
Sm 4.68 6.44 6.98 9.80 3.82 4.78 7.98 14.99 
Eu 0.79 1.01 	1.08 1.73 0.78 1.33 1.86 3.06 
Gd 4.09 4.91 r 	5.40 7.64 3.44 4.31 6.13 12.24 
Tb 0.53 0.57 0.62 0.88 0.49 0.73 0.93 1.58 
Dv 2.92 2.85 2.95 3.95 2.87 4.74 5.18 8.63 
Ho 0.71 0.62 0.65 0.79 0.67 1.21 1.21 1.92 
Er 1.85 1.73 1.74 2.13 1.85 3.33 3.22 4.92 
Tm 0.34 0.29 0.31 0.36 0.33 0.70 0.65 0.91 
Yb 1.91 1.66 1.85 2.06 1.96 4.09 3.85 5.16 
Lu 0.32 0.28 0.31 0.33 0.33 1 	0.72 0.65 0.87 
La„ 39.09 46.12 52.93 71.20 33.00 35.55 31.42 88.06 
Ce„ 79.52 94.28 109.46 153.14 70.66 49.56 56.09 176.46 
Continued...... 
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SAMPLE 	MR21 MR22 	MR23 	MR24 	MR25 MR15 MRI6 	MR17 
Pr, 7.59 9.58 11.08 	14.89 	6.61 5.41 8.21 18.26 
Nd,, 27.20 36.07 41.12 	57.12 23.63 19.76 35.29 71.84 
Sm" 4.68 6.44 6.98 	9.80 3.82 4.78 7.98 14.99 
Eu, 0.79 1.01 1.08 	1  1.73 0.78 1.33 1.86 3.06 
Gd, 4.09 4.91 5.40 7.64 3.44 4.31 6.13 12.24 
Tb,, 0.53 0.57 0.62 0.88 0.49 0.73 0.93 1.58 
Dy„ 2.92 2.85 2.95 3.95 2.87 4.74 5.18 8.63 
Ho,, 0.71 0.62 0.65 0.79 0.67 1.21 1.21 1.92 
Er, 1.85 1.73 1.74 2.13 1.85 3.33 3.22 4.92 
Tm, 0.34 0.29 0.31 0.36 0.33 0.70 0.65 0.91 
Yb,, 1.91 1.66 1.85 2.06 1.96 4.09 3.85 5.16 
Lu„ 0.32 0.28 0.31 0.33 0.33 0.72 0.65 0.87 
ThiSc 0.73 0.57 0.65 0.94 0.48 1.25 1.14 1.68 
Th/U 0.76 0.88 0.85 	1  0.74 0.69 3.42 2.72 2.52 
La/Sc 4.08 4.25 5.06 j 	6.01 3.44 1.93 1.82 4.56 
Cr'Th 12.81 17.24 13.47 8.49 21.42 5.95 6.00 3.85 
Zr/Sc 26.20 20.55 23.69 24.75 27.06 36.89 41.00 35.70 
Ti/Zr 15.53 17.22 17.44 16.38 14.08 12.26 9.09 12.26 
Sc/Th 1.37 1.75 1.54 1.06 2.10 0.80 0.88 0.60 
Co/Th 0.52 0.57 0.37 0.19 0.90 0.22 0.17 0.37 
LaTh 5.58 7.43 7.81 	6.37 7.23 1.55 1.60 2.71 
Hf 7.06 6.33 7.04 	8.19 7.30 19.88 20.30 19.80 
Sr/Sc 4.10 3.30 4.89 	3.97 6.16 3.49 2.57 3.02 
Rb'Sr 3.29 4.24 2.74 3.16 1.99 4.37 5.31 4.39 
K,O Na,O 42.00 49.50 42.73 47.18 37.00 54.00 51.81 30.35 
SiO, AI:O; 6.20 5.02 5.51 4.64 6.45 1.76 1.82 1.90 
K,O. AI,O; 0.34 0.35 0.35 0.34 0.34 0.32 0.29 0.29 
Zr/Nb 48.34 45.84 59.16 27.99 34.75 18.88 40.36 20.11 
ICV 0.55 0.57 0.55 I0.54 0.60 0.49 0.43 0.49 
EuTEu* 0.55 0.55 0.54 0.61 0.66 0.89 0.81 0.69 
(La'Sm)n 5.40 4.62 j 	4.89 4.69 5.58 4.80 2.54 3.79 
(La'Yb)n 14.66 19.94 20.53 24.84 12.11 6.24 5.86 12.23 
(GdYb)n 1.77 2.45 2.42 3.07 	1.45 0.87 1.32 1.96 
CIA 70.87 70.61 70.71 71.11 	71.09 72.27 74.74 74.03 
PIA 93.66 94.33 93.98 94.17 	93.79 94.71 96.72 94.87 
CIW 95.90 96.40 96.15 96.23 	' 	95.96 96.48 97.73 96.42 
Major elements in oxide 	trace elements in ppm. 
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Table 4.2: Geochemical Composition of Metapelites of Alwar Basin 
SAMPLE S33 	S34 	1RI0 MRII MR12 	j `1R13 MR14 S30 
SiO2 68.87 	70.95 65.77 65.81 65.46 53.42 50.91 47.98 
Ti01 0.71 	0.81 0.81 0.77 0.90 0.86 1.44 0.52 
AI.O3 13.42 	10.66 19.41 19.75 19.45 27.35 29.00 5.62 
Fe,O, 2.26 	1 1.56 0.64 0.56 1.61 1.38 0.85 3.38 
CaO 0.07 0.08 0.19 0.22 0.19 0.31 0.30 
MgO 0.98 0.95 1.19 1.26 1.14 1.50 1.78 7.16 
Na,O 0.10 	i 0.15 0.15 0.15 0.45 0.16 0.19 0.13 
K,0 4.22 4.06 5.55 5.47 4.85 7.23 8.78 3.35 
MnO 0.01 0.01 0.02 0.01 0.03 0.01 0.01 0.16 
P,05 0.01 0.01 0.06 0.04 0.02 0.06 0.02 0.01 
Sc 12.44 10.59 17.21 16.31 17.48 17.46 21.33 6.75 
V 597.62 205.28 165.63 153.05 152.85 133.98 144.00 48.87 
Cr 141.30 117.64 88.52 84.12 89.35 95.15 136.81 62.10 
Co 4.70 2.93 2.54 1.80 2.67 2.81 1.57 19.16 
Ni 38.81 	19.61 18.91 13.89 13.29 22.82 19.81 32.93 
Cu 119.67 	91.08 72.86 56.84 74.75 65.03 68.13 29.99 
Zn 591.67 438.84 150.99 129.80 105.75 95.86 411.59 73.78 
Ga 15.75 14.11 23.24 20.74 22.61 27.78 33.49 7.81 
Rb 154.76 129.09 183.72 	172.96 158.40 178.98 253.73 124.84 
Sr 35.30 45.35 64.83 64.48 40.96 66.36 53.76 63.68 
Ba 737.10 354.46 1088.97 1002.76 944.70 1236.80 1468.25 298.58 
Th 11.33 13.72 8.45 4.47 7.74 10.89 17.91 8.31 
U 7.42 5.66 5.40 4.79 4.62 5.04 4.66 2.39 
Pb 37.40 64.82 41.60 37.92 34.97 38.69 47.41 10.31 
Y 9.23 9.31 43.50 47.47 19.47 35.18 31.87 18.21 
Zr 336.38 299.89 285.77 248.17 327.35 400.13 686.68 471.12 
Nb 4.56 3.66 14.42 11.43 24.14 8.36 19.66 2.92 
La 31.12 52.06 14.22 3.93 5.94 19.27 21.10 21.21 
Ce 65.17 102.01 41.45 10.80 12.96 28.70 36.93 41.19 
Pr 6.45 10.58 5.98 1.82 1.06 3.45 3.38 4.73 
Nd 24.91 41.18 31.85 13.18 4.25 14.28 12.57 16.92 
Sm 4.69 7.58 10.31 7.16 1.64 3.84 3.42 3.36 
Eu 0.98 1.34 2.33 1.99 0.66 1.25 1.18 0.81 
Gd 3.58 	5.86 9.20 8.51 1.52 4.22 3.33 3.24 
Tb 0.39 	0.60 1.40 1.44 0.35 0.75 0.64 0.62 
Dy 1.75 2.36 7.42 7.52 2.59 4.89 4.53 3.60 
Ho 0.36 0.38 1.60 1.73 0.71 1.27 1.19 0.68 
Er 1.03 1.11 3.89 4.07 1.94 3.23 3.39 2.02 
Tm 0.18 0.17 0.74 0.76 0.40 0.63 0.72 0.38 
Yb 1.20 1.04 4.05 4.15 2.48 3.47 4.41 2.51 
Lu 0.22 0.19 0.66 0.70 0.41 0.58 0.76 0.44 
L4 31.12 52.06 14.22 	3.93 5.94 19.27 21.10 21.21 
Ce,, 65.17 102.01 41.45 	10.80 , 	12.96 28.70 36.93 41.19 
Continued...... 
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SAMPLE S33 S34 MRIO MR11 	MR12 MR13 MR14 S30 
Pr,, 6.45 10.58 5.98 1.82 1.06 3.45 3.38 4.73 
Nd„ 24.91 41.18 	i 	31.85 13.18 4.25 14.28 12.57 16.92 
Sm" 4.69 7.58 10.31 7.16 1.64 3.84 3.42 3.36 
Eu,, 0.98 1.34 2.33 1.99 0.66 1.25 1.18 0.81 
Gdn 3.58 5.86 9.20 8.51 1.52 4.22 3.33 3.24 
Tb, 0.39 0.60 1.40 1.44 0.35 0.75 0.64 0.62 
Dye 1.75 2.36 7.42 7.52 2.59 4.89 4.53 3.60 
Hon 0.36 0.38 1.60 1.73 0.71 1.27 1.19 0.68 
Er,, 1.03 1.11 3.89 4.07 1.94 3.23 3.39 2.02 
Tm„ 0.18 0.17 0.74 0.76 0.40 0.63 0.72 0.38 
Ybn 1.20 1.04 4.05 4.15 2.48 3.47 4.41 2.51 
Lu,, 0.22 0.19 0.66 0.70 0.41 0.58 0.76 0.44 
Th!Sc 0.91 1.30 0.49 0.27 0.44 0.62 0.84 1.23 
m/[] 1.53 2.42 1.56 0.93 	1.67 2.16 3.85 3.48 
LaiSc 2.50 4.92 0.83 0.24 0.34 1.10 0.99 3.14 
Cr/Th 12.47 8.58 10.48 18.83 11.55 8.74 7.64 7.47 
Zr/Sc 27.04 28.33 16.60 15.22 18.73 22.91 32.20 27.64 
TuZr 12.66 16.21 17.01 18.62 16.50 12.90 12.58 6.62 
Sc/Th 1.10 0.77 2.04 3.65 2.26 1.60 1.19 0.81 
Co.!Th 0.42 0.21 0.30 0.40 0.34 0.26 0.09 2.31 
La/Th 2.75 3.80 1.68 0.88 	0.77 1.77 1.18 2.55 
Hf 9.12 8.09 8.14 7.25 9.45 11.51 20.29 14.22 
Sr/Sc 3.64 4.28 3.77 3.95 2.34 3.80 2.52 9.43 
Rb/Sr 3.42 2.85 2.83 2.68 3.87 2.70 4.72 1.96 
K,O/Na,O 42.20 27.07 37.00 36.47 10.78 45.19 46.21 0.60 
Si0, 'AI,03 5.13 6.66 3.39 3.33 3.37 1.95 1.76 25.77 
K,O:AI,O;  0.31 0.38 0.29 0.28 0.25 0.26 0.30 8.54 
Zr/Nb 73.77 82.05 19.82 21.71 13.56 47.88 34.92 63.85 
ICV 0.62 0.71 0.44 0.43 0.47 0.42 0.46 0.63 
Eu/Eu* 0.73 0.61 0.73 0.78 1.28 0.95 1.07 0.75 
(La/Sm)n 4.28 4.43 0.89 0.35 2.34 3.24 3.99 4.07 
(La,'Yb)n 18.54 35.90 2.52 0.68 1.72 3.98 3.43 6.05 
(Gd.'Yb)n 2.46 4.66 1.88 1.70 0.51 1.01 0.63 1.07 
CIA 73.41 69.00 74.62 75.04 75.42 75.96 73.67 14.95 
PIA 96.81 94.10 95.77 95.53 92.89 95.93 95.78 6.57 
OW 97.87 96.45 97.04 96.83 94.71 97.06 97.12 89.84 
Major elements in oxide wt%, trace elements in ppm. 
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5.1 Introduction 
It is widely accepted that several intracrustal processes such as weathering, 
metamorphism, sorting (grain size effect) and recycling can significantly influence the 
chemical composition of clastic sedimentary rocks, Although lithological 
characteristics of source terrain essentially controls the chemical records of the clastic 
sedimentary rocks, some surface processes such as chemical weathering and sorting 
process during transportation may greatly modify the provenance memory 
(McLennan, 1989; Nesbitt and Young, 1996; Nesbitt et al., 1996). In addition, 
sediment recycling is a common process which produces a buffering effect where a 
small amount of new input can go unnoticed. Therefore, to identify the provenance of 
sedimentary sequences it is important to consider first the effect of these processes on 
the overall composition of sediments. 
5.2 Hydraulic Sorting, Recycling and Quartz Dilution 
It is a well known fact that hydraulic sorting and quartz dilution can 
significantly influence the chemical composition of terrigenous sediments. In this 
regard the sorting may be of particular importance in modifying the mineral 
abundances and consequently the concentration of specific elements. During 
hydraulic sorting, the clay minerals which are enriched in most of the trace elements 
are preferentially concentrated in finer fraction and thus produce higher abundances 
of many trace elements in pelitic rocks relative to associated sandstones. If mature 
weathered material (quartz + clays) and immature rock debris (separate minerals + 
lithic fragments) are mixed, the result is arenites (enriched in immature rock debris) 
and pelites (enriched in mature weathered materials). This preferential sorting can 
lead to REE fractionation. 
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The chemical composition of sedimentary rocks can be effectively used to 
evaluate the influence of sedimentary sorting. In studies of coarser elastic sedimentary 
rocks the assessment of sorting and concentration of accessory minerals, such as 
zircon, monazite, sphene and apatite, is very important because it may considerably 
affect the distribution of some trace elements (Cullers, 1994; 2000). Some authors 
(Cullers et al., 1987; 1988; Cullers, 1994) have shown that fine grained sediments are 
more likely to have mineralogy and chemical composition similar to their source than 
do courser sand fraction. In the following paragraph, chemical compositions of 
quartzites and metapelites of the Alwar basin are discussed to evaluate effects of 
sorting on the chemical composition of these rocks. 
The increasing trend of textural maturity in sandstones leads an increase in 
amount of quartz at the expense of primary clay size material. As a result, the SiO2 
/A1203 ratios are increased and concentrations of other elements are decreased due to 
quartz dilution which leads to decrease in all other elements and an increase in Si02. 
Therefore, the textural maturity of sandstone can be assessed by using SiO2/A1203 
ratios (McLennan el al., 1993). The Si02/A1203 ratio is sensitive to sediment 
recycling and weathering processes and can be used as signal of sediment maturity, 
increasing as quartz survives preferentially to feldspar, mafic minerals and lithic 
grains (Roser and Korsch, 1986; Roser et al., 1996). Average values of Si02/AI203 
ratio in unaltered igneous rock range from — 3 in basic rocks to --5 in acidic rocks. 
The values ranging from >5 to 6 in sediments are an indication of progressive 
maturity. Si02/AI203ratios in our samples are generally very high and show a large of 
variation (6 - 319). Very high values as shown by some samples (e.g. S25, S26 and 
S27) are due to extremely low concentration of A1203  (<1 %). The overall high values 
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of SiO2/Al2O3 ratios displayed by Alwar basin quartzites indicate high maturity. 
Strong negative correlation of Si02 with A1203 (r = -0.94). Sc (r = -0.57), Ga (r = - 
0.90), Rb (r = -0.67), Zr (r = -0.79). Th (r = -0.63) and LREE such as La (r = -0.62) 
and Ce (r = -0.60) indicates that quartz dilution should have considerable influence 
over the chemical composition of these rocks. Hence, the fact that quartzites are 
depleted in some major and trace elements against AUCC (Figure 4.5) is largely due 
to quartz dilution. Despite differing REE contents, most of the quartzites and 
metapelites of Alwar basin have similar shape of REE patterns (Figure 4.7). It has 
been observed that during physical fluvial sorting, REE and other elements such as Fe, 
Mg, Mn, Ni Cr, tend to be more concentrated in finer than in coarser particles (Singh, 
and Rajamani, 2001). 
Hydraulic sorting may also play a major role in favouring accumulation of 
plagioclase in sand fraction which results in a decrease of Eu anomaly (McLennan et 
al., 1993). This preferably occurs in sands which are derived from active tectonic 
settings where Eu anomalies in sands differ by as much as 0.1 from those in 
associated muds (McLennan et al., 1990). In the absence of abundant plagioclase, 
there is no systematic Eu enrichment in sands over associated muds (Nathan, 1976; 
Bhatia and Crook 1986). In Alwar basin the average values of EUIEu* in different 
units of quartzites show a range of variation from 0.51 to 0.68 and averages at 0.68. 
On the other hand the average values of EuJEu* in different units of metapalites show 
a range of variation from 0.57 to 1.02 with an average of 1.08. Thus the EU/Eu* ratios 
in metapelitcs of Alwar basin are higher than those of associated quartzite units and 
thus indicate the absence of plagioclase concentration due to sand sorting. 
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The HFSE, REP,. Sc and Th concentrations in sedimentary rocks are useful 
tools for determining occurrence of mineral sorting during transport and deposition. In 
particular, ratios of incompatible elements having similar hydrodynamic behavior are 
more useful because these ratios are not altered during the processes of sedimentation 
and deposition. The invariance rule does not apply if the immobile elements have 
different hydrodynamic behavior. For example, Zr and Sc which may fractionate 
during sedimentary processes due to concentration of zircon. The poor correlation of 
Zr/Sc with Sc (r = 0.15) does not indicates significant zircon enrichment in Alwar 
basin quartzites. 
A number of heavy minerals (particularly zircon, allanite and monazite) are 
dominated by trace elements, and thus their accumulation in high concentration may 
significantly influence trace element concentrations in sedimentary rocks (McLennan 
et al., 1993). Potential sedimentary recycling, resulting in the addition of heavy 
minerals such as zircon, can be inferred from prominently high Zr/Sc ratio 
(McLennan et al., 1990; Floyd et al., 1991). The Th/Sc ratio of sedimentary rocks is 
particularly sensitive to overall bulk composition of the provenance. The Th/Sc ratio 
of sedimentary rocks characterizes the average composition of source terrain, whereas, 
an increase in Zr/Sc ratio alone indicates significant reworking consistent with zircon 
enrichment. Th/Sc ratios of sedimentary rocks greater than 1 reflect inputs from fairly 
evolved crustal igneous rocks (Taylor and McLennan, 1985). Th/Sc ratios less than 
0.8 are an indication of sources other than typical continental crust, probably mafic 
sources or input from mature or recycled sources if coupled with higher Zr./Sc ratio 
(>10). A positive linear correlation between these ratios expresses the igneous 
differentiation trend. The Zr/Sc ratio for Alwar quartzite is higher (22.75 - 281.37; 
avg. 109.87) than the associated metapelites (7.29 - 58.49; avg. 25.55). However both 
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of these rock types show linear correlation between these ratios (quartzite: r = 0.57; 
metapelites: r = 0.84). 
Sedimentary sorting and recycling can be monitored by TIWSc vs Zr/Se 
diagram (McLennan et al., 1993) that is a useful measure to assess the contribution of 
pre-existing sedimentary sources. First-order sediments show a simple positive 
correlation between these ratios, whereas recycled sediments show a substantial 
increase in Zr/Sc with far less increase in Tb/Sc. An addition of zircon by recycling 
and sorting to the sediments would result in an increase in Zr/Sc ratio as exemplified 
by an arrow in (Figure 5.1). Value of Zr/Sc less than 10 reflect the differentiation 
related compositional variations in igneous rocks. An addition of zircon by the 
process of sorting and recycling to sedimentary deposits would result in an increase in 
Zr/Sc ratio exemplified by trend shown in Figure 5.1 The trend of increased Zr! Sc 
and almost constant Th/Sc can also be exhibited by first-cycle sediments if they are 
derived from largely plutonic sources, as described by Roser and Korsch (1999). In 
this diagram most of our samples follow a linear trend that is consistent with 
provenance- dependent compositional variation (McLennan at al., 1993). Plotting of 
samples along a linear trend, representing provenance- dependent compositional 
variation, may be due to enrichment of zircon from source terrain. 
As discussed in the previous chapter zircon preferentially incorporates HREE 
relative to LREE and its accumulation leads to HREE enrichment and decrease in 
(LaJYb)„ ratio, as a result negative correlation between Zr and (La/Yb), ratio is 
expected. But no such relationship exists in quartzite (r = 0.47) and metapelites (r = 
0.16). Samples of this study thus indicate that the enrichment can be considered to 
represent transport of REE enrichment from the provenance region (e.g. McLennan et 
al., 1993). 
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Figure it Th/Se vs. Zr/Sc plot for quartzites and metapelites of Delhi Supergroup of Atwar 
basin (after McLennan et at.. 1993). 
IOU 
Surface Trocesru, 'Weathering History  anfla&eocimate 
5.3 Source Area Weathering 
The degree of weathering is controlled by climate and rates of tectonic uplift 
(Wronkiewicz and Condie, 1987). Increased chemical weathering intensity may 
reflect the decrease in tectonic activity and /or the change of climate towards warm 
and humid conditions which are more favourable for chemical weathering in the 
source region (Jacobson et al., 2003). Therefore weathering indices of sedimentary 
rocks may provide useful clues to investigate climatic conditions and tectonic activity 
in the source terrain during the sedimentation. 
Chemical weathering tends to modify the major and trace element composition 
of rocks and sediments. Labile cations including Na, K, Ca and Rb are leached in 
preference to insoluble hydrolysates such as Ti and Al (Roy et al., 2008). Thus the 
TiNa and Al/Na ratios are gradually increased with increasing chemical weathering. 
Similarly K/Na ratio reflects the abundance of K- Feldspar compared to that of Na-
Plagioclase. Because K- Feldspar is relatively less resistant to weathering compared to 
Ca-Na feldspars, higher KJNa ratio mirrors higher chemical weathering vice-versa 
(Roy et al., 2008). K20/ Na2O ratio of Alwar basin quartzite ranges from 0.005 to 
95.00 with an average of 17.48 and those of associated metapelites ranges from 0.91 
to 54.00 and averages at 32,70, indicating higher degree of weathering in their source 
region. 
The degree of weathering in source area can be effectively assessed by using 
alkaline earth element contents of terrigeneous sediments (Nesbitt et al., 1980; Schau 
and Henderson, 1983: Reimer, 1985). Cations with large ionic radius as Ba and Rb 
remain fixed in weathering profile by preferential exchange and adsorption on clays, 
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whereas smaller cations such as Ca. Na, Sr are selectively leached from weathering 
profile (Nesbitt et al., 1980). These chemical trends may he transferred to the 
sedimentary records (e.g. Nesbitt and Young, 1982; Wronkiewicz and Condie, 1987; 
Fedo et al., 1996), thus provide a useful tool for monitoring source area weathering 
conditions. This relationship is demonstrated in an AUCC normalized spider plot 
(Figure 4.4). CaO, Sr and Na20 are strongly depleted both in quartzites and associated 
metapelites of Alwar basin whereas Ba, Rb and K are enriched. Similar pattern has 
been identified in Torongo granodiorite weathering profile (Nesbitt, 1980), indicating 
high chemical weathering of source area. In most of our samples the CaO contents are 
below 0.25 %, so that no carbonate correction is necessary for the calculation of 
weathering indices. As staled in previous section, a positive linear correlation between 
A1203 and TiO2 (r = 0.84) in metapelites also supports chemical weathering of source 
rock (Young and Nesbitt, 1998; Sreenivas and Srinivasan, 1994). 
The chemical index, most commonly used to investigate and quantify the 
degree of source area weathering is Chemical Index of Alteration (CIA; Nesbitt and 
Young, 1982; 1984). This index gives a practical approach to the measurement of 
feldspar transformation to clay minerals, and the influence of weathering increases 
with increasing values of CIA. The index is a dimensionless number, defined in 
molecular proportions as: CIA = [AI203((A1203+ CaO*+Na2O+K20) x100], where 
CaO* represent Ca in silicate minerals as opposed to phosphate and carbonates. This 
index provides a practical approach to the measurement of feldspar transformation to 
clay minerals, and the influence of weathering increases with increasing value of CIA. 
The CIA values of sedimentary rocks are widely used as an indicator of the intensity 
of weathering of sedimentary provinces (Nesbitt and Young, 1982). CIA values 
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between 50 and 60 indicate a low value of chemical weathering , between 60 and 80 
moderate chemical weathering , with values >80 indicating extreme chemical 
weathering (Fedo et al., 1995). The CIA is also considered as powerful tool to 
estimate a quantitative assessment of palaeowcathering in the source region because a 
large amount of aluminous clay minerals generally forms by intensive chemical 
weathering under tropical conditions and give CIA values of 80- 100. Contrary to it, 
under glacial conditions where abrasion dominantes over chemical weathering CIA 
values are 50 to 70 (Nesbitt and Young, 19S2). 
The CIA values of quartzite and metapelites of Alwar basin are shown in 
tables 4.1 and 4.2. All the samples of quartzite except samples S19, 526 and S27, 
show CIA values >40. These three samples have extremely low values (7-21) 
therefore, are not considered for palacoweathering interpretations. Similarly all 
samples of metapelites except samples S30, have CIA values >50. Very low value of 
CIA (15) for this sample is due to abnormally high content of CaO (L5.46 %). CIA 
value of this sample is also not included in calculation of mean CIA values. The CIA 
values of our samples of quartzite range from 40 to 89 (avg. 63) and those of 
metapelites from 51 to 76 (avg. 69), which suggests that the parent rocks of both these 
rocks were subjected to same weathering conditions. Collectively, these values are 
between unweathered elastic rocks (00) and average standard shales (70-75; 
McLennan et al., 1993) suggesting that the source area of these sediments had only 
moderately weathered. K-metasomatism of the sedimentary rocks is considered to be 
a common process during geological history (Condie, 1989; Fedo et al., 1995), which 
would change K20 concentrations of the sedimentary rocks to be higher than their 
original concentrations during deposition. This leads to the wrong estimation of the 
intensity of weathering. 
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A more useful way of evaluating the chemical weathering trend than simple 
comparison of numerical values of chemical index of alteration (CIA Index) is to 
employ a ternary plot with AI203 at the top apex CaO*+Na20 at the bottom left and 
K20 at the right apex of the bottom as shown in Figure 5.2. This triangle, that is also 
known as A-CN-K ternary plot (Nesbitt and Young, 1984), permits the identification 
of `anomalous' samples and trends that deviate (because of metasomatic alteration) 
from the expected trends as established both by theoretical consideration and 
empirical observations on modem weathering profiles (Nesbitt and Young. 1984; 
Fedo et al, 1995). Molar proportions of A1203 (A), Ca0'+Na2O (CN) and K20 (K) , 
in the samples of Alwar basin are ploted in the ACNK space in (Figure 5.2) after 
Nesbitt and Young (1984). To estimate chemical weathering, metasomatism and 
source rock composition weathering trends may be predicted to be parallel to the A-
CN join during the initial stage because Na and Ca are removed by chemical 
weathering of plagioclase as shown by solid arrows in (Figure 5.2). 
The theoretical background of this diagram (Nesbitt and Young, 1982, 1984; 
Fedo et al., 1995) is that the weathering of bed rock produces Al-rich sediments, that 
results in the movement of plots of weathered samples sub-parallel to A-CN join from 
their unweathered source composition on the feldspar join. CIA values for average 
shales ranges from 70 to 75 which reflects composition of muscovite, illites and 
smectites. Intensely weathered rock yields mineral compositions trending towards 
kaolinite or gibbsite and a corresponding CIA that approaches to 100. CIA values of 
unweathered rock is about 50. An additional advantage of A-CN-K diagram is that it 
enables to estimate the source rock composition by back ward projection of the line 
passing through the weathered samples to a point on the feldspar line. 
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Figure 5.2 A-CN-K (in molecular proportion) ternary plot (Nesbitt and Young, 1984) for 
metasedimentary rocks of Delhi Supergroup, of the Alwar basin .CaO* is the silicate traction 
of rocks. Nos. 1 to 6 denote Compositional trend of initial weathering profile of various rock 
t~pcs, I- Gabbro, 2- Tonalite, 3- Diorite, 4- Granodiorite, 5- Granite and 6- compositional 
trend for advance weathering profile, CIA = (AI2O-,/(AI,Oz+CaO*+Na2O+K-,O)) x 100. 
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The intersection point provides an approximate ratio of plagioclase to K-
feldspar in the source rocks.The best fit lines through our data points are parallel to (i) 
trend 4 that is parallel to A-CN line and (ii) trend 6 that is parallel to A-K join and 
represents high degree of chemical weathering. Plotting of our data along these trends 
indicates that the source of Alwar basin clastic sedimentary rocks had a grodioritic 
composition which had undergone moderate to high degree of chemical weathering. 
However many of our samples plot right side of "limit of weathering" line probably 
due to enrichment in K20. These indicate that the Alwar elastics have suffered post 
depositional potash metasomatism, which accounts for their low CIA values. Our 
samples followed the predicted weathering path for granodioritic composition until 
virtually all Na and Ca were removed (Trend 4, Figure 5.2). At some later time, the 
samples suffered K-metasomatism as a result of which their compositions shifted 
toward K20 apex. It is possible to assess the pre-matosomatised CIA values of the 
sediments in A-CN-K space when K is introduced in aluminous clays to form illite 
(Fedo et al., 1995). Tl'hc effect of K-metasomatismn can be corrected for by projection 
of tie line between the K- apex through the data point to the ideal weathering trend 
lines shown as solid arrows (Fedo et al., 1995). Using this principle, premetasomatic 
CIA values obtained for Alwar quartzites ranges from — 60 to —90 and those of 
metapelites from —58 to--78. This is in conformity with the observation of moderate to 
severe weathering of source rocks during their sedimentation. 
Three of our samples i.e. S25. S15. and S9. are plotted to the left side of 
predicted weathering trend, that could be due to varied source or mobility during the 
metamorphism. The scatter in the data point may be related to (i) uplift of the source 
area leading to exposures of source rocks of different composition (ii) variability in 
106 
Su+face erocesses, Weathen'ng 7lutmy and pa&eocfmate 
the degree of weathering of the source rocks, (iii) mixing of sediments from a 
weathered and unweathered rocks. There is a possibility that the samples, displaced 
towards CN apex in A-CN-K diagram. were probably derived from a source 
dominated by tonalite and trodhjentite components. La/Sc, Th/Sc, Th/Co, and Th/Cr 
ratios of samples S25 favour its derivation from mafc sources (Cullers, 1994, 2000; 
Table 6.1). These ratios of samples S9 and S I5 are within the range of felsic sources 
(Table 6.1). However, their (La/Yb), ratios are high (17.85 - 31.24). There is a 
possibility that some of the samples, displaced towards CN apex, were probably 
derived from a source dominated by tonalite and trodhjemite components. 
The intense nature of chemical weathering can also be portrayed by Chemical 
Index of Weathering (CIW, Hamois, 1988) and Plagioclase Index of Alteration (PIA, 
Fedo et al., 1995). The CIW index eliminates affect of K-metasomatism and defined 
as: CIW = A1203/(A1203 + CaO* Na20) x 100 where the elements are represented in 
mole proportion. The calculated CIW values of our samples ranges from 40 - 97 with 
an average of 83 (except sample S19) in quartzites and 62 - 98 with an average of 90 
(except sample S30) in metapelites, indicating high degree of weathering. But CIW is 
as much as a function of source rock composition as it is a lunction of weathering 
intensity, thus could not he used strictly when basement compositions vary (Fedo et 
al., 1995). 
Plagioclase Index of Alteration (PIA, Fedo et al., 1995) is better index, as it 
portrays weathering of plagioclase feldspars, which are abundant in Archaean 
basement terrains. The PIA is defined by the equation: PIA = I_(Ah03 — K20)/(A1203 
+ CaO*- Na2O — K2O) x 100, where all elements are in molecular proportions and 
CaO* represent CaO in silicate fractions. The maximum PIA value is 100 (kaolinite, 
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gibbsite) and unweathered plagioclase has PIA value of 50. PTA values of our samples 
of quartzites ranges from 40 to 96 with an average of 77, (except samples S19, S26, 
S27 and -MR6) and those of metapctitcs from 51 to 97 with an average of 86 (except 
sample S30). The high PIA values of Alwar basin clastic rocks indicate strong 
chemical weathering as depicted by severe depiction of CaO, Na20 and Sr in AUCC 
normalized spider plot (Figure 4.4) and strong A1203-Ti02 correlation (r = 0.84) 
shown by metapelites. The average CIA, PIA and CIW values of Alwar Group are 67, 
79 , 87 respectively and those of Ajabgarh group are 64, 85, and 88 respectively. 
These values indicate almost same intensity of weathering throughout the 
sedimentation of Delhi Supergroup in Alwar basin. 
Molar proportions of A1203 (minus Al associated with K), CaO*end Na2O are 
plotted in the (A-K)- C- N diagram of Fedo et al, (1997), in order to understand and 
monitor the evolution of plagioclase weathering in the Alwar clastic sedimentary 
rocks (Figure 5.3). The vertical dimension on the (A-K)- C- N triangle corresponds to 
the plagioclase index of alteration (PIA; Fedo et al., 1997). The PTA values of around 
50 for fresh rocks and values corresponding 100 indicate significant production of 
secondary aluminous clay minerals (Fedo et al., 1997). Distribution of plots in (A-K)-
CN-K plot suggests that primary plagioclase or varying compositions were present in 
source terrain of Delhi Supergroup of Alwar basin. However the rocks containing 
albite were more dominant. 
TII/U ratios of sedimentary rocks are expected to increase with increasing 
weathering due to oxidation and loss of uranium with a resultant increase in this ratio 
(Taylor and McLennan 1985). Although highly reduced sedimentary cnviromneuis 
can have enriched uranium leading to low Th/U ratio, weathering tend to result in 
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oxidation of insoluble U4+ to soluble U6+  (McLennan and'faylor, 1991), with loss of 
solution and elevation of Th/U ratio . Th/U ratios above 4 are thought to be related to 
weathering history (McLennan et al., 1995). The Th/U ratios of sedimentary rocks of 
the Alwar basin range from 0.22 to 11.32 with mean value of 5,13 in quartzites and 
from 0.69 to 11.08 with mean value of 3.24 in pclites. These values are close to the 
UCC value of 3.8. In this sense these sedimentary rocks might have been derived 
from a source subjected to low to moderate weathering in their source terrain. 
Ga/Rb ratio can also be used to asses the intensity of weathering in the source 
terrain of sedimentary rocks (Roy and Roser, 2013). Ga/Rb ratio of Alwar basin 
clastic rocks is variable. In quartzite it ranges from 0.03 to 1.13 with an average of 
0.14. In associated metapelites it ranges from 0.06 to 0.17 and averages at 0.12. It has 
been suggested that Ga/Rb ratio <0.25 indicates weak to moderate weathering in the 
source of clastic rocks (Roy and Roser, 2013). Therefore the Ga/Rb ratios of our 
samples indicate that their source terrain suffered weak to moderate weathering at the 
time of deposition, However, due to mobile nature of Rb, the Ga/Rb ratios are not 
considered reliable. 
The Rb/Sr ratios of sediment any rocks also monitor the degree of the source-
rock weathering (McLennan et al., 1993). The quartzites and metapelites of Alwar 
basin have average ratios of 2.95 and 2.83 respectively, significantly higher than that 
of the average upper continental crust (0.32) and average post-Archean Australian 
shale (0.80; McLennan et al., 1983). The Rb/Sr ratios of the Alwar basin sediments 
(quartzites and metapelites) therefore indicate significant weathering in their source 
area, 
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Figure. 5.3 AK-C-N (in molecular proportion) ternary plot (Fedo et al., 1995) for KCB 
clastics. PIA = I(AI2O-K2O)/(Al103+CaO+NaO-K2O)1 x 100. An (Anorthite), Ab (Albite), 
Og (Oligoclase), Ad (Andesine). 
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In Th/U - Th plot (Figure 5.4), our samples follow the weathering trend thus 
suggesting that weathering has affected the compositions. This result is consistent 
with interpretation drawn from CIA values. 
Chemical weathering condition, as indicated by clastic rocks of the Alwar 
basin is in conformity with worldwide humid and warm climate during the 
Palacoproterozoic period (Eriksson et al., 1998). The positive correlation between 
FeOIT) and Ti02 as shown by studied Alwar basin quartzites (r ° 0.73) indicates that 
the iron was retained in palaeowcathering profiles. The conservative behavior of Fe 
suggests that Fe was chiefly in ferric oxidation state and will require oxygenated 
atmosphere. Evolution of atmospheric oxygen from <1  to —15 % of the present- 
atmosphere level (PAL) between 2.2 and 1.9 Ga is indicated by the geochemical 
studies of iron retention in the Palaeoproterozoic paleosols (Holland et al., 1989: 
Holland and Beukes, 1990; Macfarlane ci al., 1994; Rye and I Tolland, 1998). 
However, lower degree of weathering as shown by some samples may be due 
to tectonic instability during the deposition. The type of weathering trend as shown by 
clastic sedimentary rocks of Alwar basin usually results from mixing sources of 
different compositions or weathering histories (McLennan et al., 1993). The 
distribution of plots of Alwar basin clastic rocks in A-CN-K diagram in combination 
with CIA, PTA, CIW and Th/U values suggest an over all moderately to highly 
weathered mixed source. 
5.4 Palaeoclimate 
The weathering indices of clastic sedimentary rocks are helpful in deciphering 
the tectonic setting and climatic conditions in the source terrain. Increase in the degree 
of chemical weathering may signify a decrease in the tectonic activity and or change 
in climate towards warm and humid conditions. (e.g. Jacobson et al., 2003). 
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The values of weathering Indices (CIA, PIA and CIW) may be influenced by 
tectonism, as higher and more uniform values should be produced in stable tectonic 
conditions undergoing steady state weathering (Nesbitt et al., 1997). Contrary to it, 
uplift of the source terrain produces highly variable values in the derived sediments as 
all zones of weathering profile in the source terrain are eroded during the non-steady 
state weathering. Large variation of weathering indices values shown by Alwar basin 
quartzites ( CIA = 60-90, avg. 61: CIW = 40-97, avg. 83; PIA = 40-96, avg. 76; Th/U 
= 0.22 to 11.32, avg. 5.13) and associated metapelites (CIA = 51-76, avg. 69; CIW = 
62-9, avg. 90; PIA = 51-97, avg. 86, Th/U = 0.69 to 11.08, avg. 3.24) indicates that 
they were derived from sources experiencing steady state weathering and active 
tectonism. 'these values indicate moderate to intense weathering. Metapelites have 
higher average values of CIA (70), CIW (86,) and PIA (92) than associated quartzites 
61, 79, 84 respectively, indicating that secondary aluminous clay minerals 
concentrated in the pelitic rocks. 
The distribution and relative abundances of some trace elements in elastic 
sedimentary rocks may reveal the climatic conditions andenviromnent prevailed at 
the time of their deposition (Worash, 2002). It has been observed that Fe, Mn, Cr, V, 
Ni and Cr are relatively enriched during moist conditions. On the other hand some 
elements such as Ca, Mg, K, Na, Sr and Ba are concentrated under and conditions due 
to strengthening of water alkalinity due to evaporation. Due to contrast behavior of 
these two groups of elements, their ratio is proposed to reflect a parameter of climate 
change. For example the ratio of L, (Fe, Mn, Cr, V, Ni and Cr)! X (Ca, Mg, K. Na, Sr 
and Ba), referred to as C- value (Zhao ct at., 2007; Cao et. al., 2012) have been used 
to study the ancient palaeoclimate. The C-values of Alwar basin quartzite show a 
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range of variation from 0.02 to 2.76 and averaging at 0.51. In associated metapelites 
the C-values show a range of variation from 0.08 to 1.03 with an average of 0.30 
reflecting a generally semiarid to semi moist palaeoclimate. 
5.5 Palaeo-redox conditions 
Palaeo-redox conditions during sedimentation of siliciclastic rocks can be 
deciphered from their chemical composition. Uf1'h ratio are widely used to evaluate 
the redox conditions of the sediments (Wignall and Twitcher 1996; Kimura and 
Watanabe, 2001). U/Th ratio of quartzites and metapelites of the Alwar basin vary 
from 0.09 to 0.84. avg. 0.29 (except 4.63 in sample S14) and from 0.09- 1.45, avg. 
0.67 respectively. Relatively high U/Th ratios displayed by our samples of metapelites 
reflect less oxygenating atmosphere during their deposition. (Taylor and McLennan, 
1985). V is considered to be more enriched under anoxic conditions (Calvert and 
Pederson. 1993). VI(V+Tvi) >0.6 and V//Cr >2 indicate anoxic conditions (Wignall, 
1994; Jones and Manning, 1994; Rimmer, 2004). V/(V+Ni) ratios of our quartzite 
samples vary from 0.19 to 0.43, avg. 0.47, indicating oxic conditions for quartzite 
deposition. Metapelites show V/(V+Ni) ratios ranging from 0.77 to 0.95, avg. 0.93, 
indicating anoxic conditions for deposition of pelites. V/Cr values of Ahvar quartzites 
and metapeiltes are 0. 16- 1.11, avg. 0.56 (except S12 and MR8 having values >2) and 
0.67- 5.23, avg. 3.071ndicating oxic conditions for quartzite and anoxic conditions for 
metapelitic rocks. These values indicate fluctuating oxic and anoxic conditions. 
Palaeoredox conditions during sedimentation of siliciclastic rocks can also be 
evaluated by using their Ni/Co ratios. Jones and Manning (1994) have suggested that 
Ni/Co values of siliciclastic rocks less than 5 indicate oxic environment and more 
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than 5 indicate oxic conditions. Ni/Co ratios of Delhi quarzites of the Alwar basin 
range from 0.34 to 3.71, avg. 0.92 indicating oxic conditions. The Ni/Co ratio of 
associated peletic rocks shows a range of variation from 0.91 to 13.26 and averages at 
5.53 indicating anoxic conditions during deposition. Although the V/(V+Ni), V/Cr 
and Ni /Co ratios overwhelmingly suggest that the quartzite of the Alwar basin 
deposited under oxic conditions the associated pelites were deposited under unoxic 
conditions. It has been observed that lower redox conditions occur in lagoonal 
environment (Nath et al., 2000). However, the highly variable values of these 
geochemical parameter indicate that the element compositions have complex 
controlling factors and should be used with caution for interpretation of redox 
conditions (Lin et al., 2008). 
In view of the above discussion, it is proposed that the quartzites of Delhi 
Supergroup of Alwar basin probably occurred in an oxygenated transgressive beach 
environment. Contrary to it. the metapelites were deposited under anoxic conditions 
probably in a costal complex environment including lagoonal basins. 
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PROVENANCE 
CHARACTERISTICS 
(&awiwnce Characteristics 
6.1 introduction 
Source area weathering conditions, hydraulic sorting, adsorption, diagenesis, 
and metamorphism are the factors which affect the overall composition of clastic 
sedimentary rocks (Wronkiewicz and Condie, 1987; Fedo et al., 1996; Nesbit et al., 
1996, 1997). In order to characterize the provenance of terrigeneous sediments, it is 
necessary to rely on elements that are considered immobile or least mobile during 
these processes. Weathering and metamorphism are the processes which are 
commonly involve congruent and incongruent dissolution of rock forming minerals. 
For example alkaline and alkaline earth metals may be transported as dissolved 
species and their abundances in sedimentary rocks may not reflect their abundances in 
source terrain. However, element such as A1203, Ti, Ni, Cr. Co, Zr and REE are 
commonly transported in solid detritus, thus are reliable indicator of provenance. 
Since the Proterozoic clastic sediments of Alwar basin being discussed herein, are 
metamorphosed up to middle amphibolitc facies, our interpretations regarding 
provenance characteristics rely heavily on immobile and least mobile trace elements 
and REE (Taylor and McLennan 1985; McLennan and Taylor, 1991). The trace 
elements such as REE, fh, Sc, Co are especially useful elements for monitoring 
source area composition because their distribution is not significantly affected by 
diagenesis and metamorphism and is less affected by heavy mineral fractionation than 
that for elements such as high field strength elements (Bhatia and Crook, 1986). In 
addition, this array includes both incompatible and compatible elements, ratios of 
which are useful in differentiating felsic from mafic source components. However, the 
HFSE are strongly partitioned into sand size grains and can be decoupled from other 
element groups because of heavy mineral traction, owing to their high specific gravity 
and resistance to weathering (Taylor and McLennan, 1985). 
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6.2 Source Characteristics 
The major element composition of pelites can be used to suggest their detrital 
mineralogy (Cox et al. 1995). The index of compositional variability [ICV - 
(Fe203+K20+Na20+CaO+MgO+Ti02)/A1203] has been effectively used in this regard 
(Cox et al., 1995). ICV in combination with CIA can also be used to evaluate 
sediment maturity and weathering intensity (Long et al., 2012). Non-clay minerals 
have higher ratios of the major cautions to A1203 than clay minerals, so the non-clay 
minerals have higher ICV values. For example ICV decreases in the order of 
pyroxene and amphibole (-10 - 100) - biotite (-8) - alkali feldspar (--0.8 - I)-
plagioclase (-0.6)- muscovite and illite (-4.3)- montmorillionite (-0.15 - 0.3), and 
kaolinite (-0.03 - 0.05) (Cox et al. 1995). Immature shales with high percentages of 
non-clay silicate minerals will thus have ICV values greater than one. Such shales are 
often found in tectonically active settings in first cycle deposits (Van de Kamp and 
Leake, 1985). In contrast, more mature mud rocks rich in clay minerals ought to have 
lower ICV values of less than one (Cox et al., 1995). Such shales are derived from 
stable cratons with quiescent environments (Weaver, 1989). Low ICV values have 
also been found, however, in some first cycle material that was intensely weathered 
(Barshad, 1966). 
The ICV values of Alwar basin metapelites are less than 1, except samples 
S22 and S24 which show ICV values of 1.02 and 1.09 respectively. Low ICV values 
of our samples of metapelites (avg. 0.63), along with high values of weathering 
indices (PIA = 86; CIW = 83 CIA - 63) suggest that these sediments are generally 
more mature and were mostly derived from stable cratons as first cycle input. 
However, presence of samples with ICV >1 suggest periodic inputs of highly 
immature detritus. 
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In igneous rocks Al resides in K-feldspar and Ti in mafic minerals such as 
olivine, pyroxene, hornblende, biotite and ilraenite, as result the values of Al/Ti ratio 
increase gradually with increasing contents of silica. Therefore the values of A1203/ 
Ti02 shows an increasing trend from (a) 3 to 8 in mafic igneous rocks (Si02 = 45 - 52 
wt %). (b) 8-21  in intermediate igneous rocks (Si02 = 53 - 66 wt %) and (c) 21 - 70 
in felsic igneous rocks (Si02 = 66 - 76 wt %). It has been suggested that the Si02 
content of normal igneous rocks can be evaluated from their A1203/ 'riO2 ratio by 
using the following equation: 
SiO2wt%=39.34+1.2578 (A1203/TiO2)-0.0109(AI203/Ti02)2 
Since Al and Si are inunobile and behave similarly during weathering and 
transportation the silica content of the source rocks can be inferred from the A1203/ 
Ti02 ratios of the olastic rocks using above equation (Hayashi et al., 1997). When 
A1203/ Ti02 ratios of the silisiclastic rocks of Alwar basin are substituted in the above 
equation the Si02 contents in the theoretically inferred magmatic source rocks of the 
quartzite ranges from 43 to 75 %; with average of 61 % and metapelites from 52 to 
70 % with average of 62 %. These values of SiO2 contents suggest that siliciclastic 
rocks of Delhi Supergroup of the Alwar basin possibly derived from a source region 
comprising predominantly of igneous rocks having intermediate composition or a 
mixed source consisting felsic and mafic rocks 
The AIz03/TiO2 ratio in felsic igneous rocks is generally >10 and can be up to 
>100. Mafic volcanic rocks on the other hand tend to have values <20, although they 
rarely have Al2O1iTiO2 ratios larger than 50 (Byerly, 1999). Al-depleted Mg- rich 
rocks display the lowest values of around 4 (Sugitani or al., 1996). The A1203/1i02 
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ratios of Alwar quartzites and pelites are highly variable (2.89-107.22, avg. 28.29; 
10.81-34.94, avg. 22.76), suggesting a mixed source consisting felsic and mafic rocks. 
Hayashi et al.. (1997) have suggested that the AI203/Ti02 ratio of shale should be 
similar to their source rocks and therefore this ratio can be used as a significant 
indicator of the provenance. Ratios exhibiting higher values (>21) indicates the 
sediments were sourced from a felsic source. The average value of metapelites of 
Alwar basin is 22.75 (range 10.80 - 34.94) reflecting a source terrain consisting 
predominantly of felsic rocks. 
Taylor and McLennan (1985) and McLennan and Taylor (1991) have 
suggested that the REEs. Th, Sc, Cr and Co and high field strength element (HFSE) 
are especially useful elements for monitoring source area composition. La and Th are 
more abundant in felsic rocks than in malic rocks and opposite is true for Sc, Cr and 
Co (Lopez et al., 2006). However, the HFSEs are strongly partitioned in sand size 
grains and can be decoupled from other element groups because of heavy mineral 
fractionation, owing to their high specific gravity and resistance to weathering (Taylor 
and McLennan, 1985). Similar situation might have occurred in case of elastics rocks 
of the Alwar basin and thus use of HFSE is avoided in provenance modeling. 
Therefore, our discussion on provenance characteristics chiefly relies on immobile 
elements such as REEs, Th, Sc, Cr and Co contents, their ratios and overall REE 
patterns which are most useful provenance indicator (Taylor and McLennan, 1985). 
The relative abundance of Co and Cr (indicative of mafic source), La and Th 
(indicative of felsic source) and ratios such as Co/Th and La/Sc are generally used to 
examine the geochemical nature of source rocks (McLennan ad Taylor, 1991; Cullers, 
2000; Wang et al., 2012). 
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A broad hint of felsic plutonic source rock is indicated for Alwar basin 
siliciclastics, by features such as extreme mineralogical maturity of quartzites and 
stable heavy mineral population of tourmaline, gannet, rutile and zircon in these rocks. 
Predominantly reworked sedimentary source is not favored by features such as Ethic 
fragments are sparse, quartz is chiefly monocrystalline and fine quartz grains are 
texturally immature showing angular to subangular grains. The presence of fresh K- 
feldspars also indicates a granite source. REE patterns have been used widely in 
geochemical studies of metasedimentary rocks. The degree of differentiation of LREE 
from 1-IREE is a measure of the proportion of felsic to mafic components in the source 
region, whereas Eu anomalies may provide information about the nature of the 
processes affecting the source area such as whether plagioclase has been removed 
from the ultimate igneous source areas of the sediments (Taylor and McLennan, 
1985). The relatively high LREE enrichment of the analyzed samples of quartzite 
{(LafYb), = 1.51 - 51,25; avg. 16.17)} and metapelites {(La'Yb)„= 0.68-35.90; avg. 
13.35)} compared to that of PAAS and I  (La'Yb)„ = 4.3) }, suggests the dominance of 
felsic rocks over mafic rocks in the source areas. In addition, the presence of 
significant negative Eu .anomalies for most of the quarzites and the metapelites 
suggest the dominance of K-rich granitic rocks in significant proportion (Taylor and 
McLennan, 1985). 
Provenance of both quartzites and metapelites of Delhi Supergroup of the 
study area can be evaluated using major element discrimination scheme of Roser and 
Korsch (1988), which classifies sediments into one of four categories i.e. mafic (PI), 
intermediate (P2), felsic (P3) and quartzose recycled (P4), based on bulk 
geochemistry. The plots of clastic rocks of Alwar basin in this diagram are shown in 
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Figure 6.1. It is evident that almost all samples of quartzite are plotted in P4 field 
(Figure 6.1) and those of metapelites, plot in P3 and P4, therefore the major element 
composition of these clastic metasedimentary rocks indicates that they were derived 
from granitic-gneissic or sedimentary source area similar to passive continental 
margin, intracratonic sedimentary basins and recycled orogenic provenances. 
The felsic rocks dominated source of studied sedimentary rocks is also 
indicated by Ti02 versus Zr plot (Hayashi et al., 1997) where all of our samples 
occupy the, field of felsic igneous rocks (Figure 6.2). Ti02 versus A1203 plot are also 
used extensively to determine source rock characteristics of clastic sedimentary rocks 
(McLennan et al., 1980; Sehieber, 1992). In this plot (Figure 6.3), our samples are 
confined in granite to granodiorite field indicating a predominantly felsic source for 
clastic rocks of Alwar basin. 
In order to assess the source characteristic of these rocks more effectively the 
trace elements of petrogenetic significance and their ratios are used and discussed in 
the following paragraphs. These ratios may exhibit only modest change. even when 
recycling is important (Wronkeiwicz and Condie, 1990; Cu, 1994). ThJSc and Cr/Th 
ratios and the Eu anomalies (expressed as EuJEu*) are significantly different in felsic 
and mafic sources. Therefore, they provide useful information about provenance of 
the sedimentary rock (McLennan et al., 1993. Cullers, 2000; Armstrong-Altrin et al; 
2004). The Th/Sc, CrTh and Eu, Eu* ratios of quartzites and metapelites of Alwar 
basin are similar to those of sedimentary rocks derived from felsic source rocks than 
those of mafic source rocks (Table 6.1 p). 
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Figure 6.1 Discriminant function diagram (Rorer and Korsch, 1988) showing plots of 
clastic sedimentary rocks Alwar basin. Most of quartzites are lying in the field of P4 and 
metapelites in P3 and P4 suggesting their derivation from granitic — gneissic or 
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Figure 6.2 l iO, - Lr plot of quartzites and metapelites of Ah,%ar basin. Fields of various 
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Figure 6.3 Ti02 versus A1203 plot for sedimentary rocks of Alwar basin. The 
`Granite line', Granadiorite and the 3 Granite i I basalt line' are from Schieher 
(1992). 
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The geochemical provenance signatures discussed above point to derivation 
of Alwar basin clastic sedimentary rocks from a source dominated by felsie rocks 
with a lesser mafic, intermediate and sedimentary components. The available 
paleocurrent data (Singh, 1982a) indicate that the dominant direction of sediment 
transport was towards N to NW. The sedimentlogical data also indicate 
transportation of sedimentary debris from south and south-west (Singh, 1982a). 
The Archaean basement rock of Banded Gneissic Complex (BGC) occurring 
extensively in southern and central Rajasthan are chiefly composed of Archean 
TTO (3.2 Ga), Archaean metasedimentary rocks mafic rocks and late Archaean 
(2.5 Ga) high-K granite (Roy and Jhakar, 2002). As the Alwar basin itself is 
floored by an Archaean basement similar to RGC, it is reasonable to assume that 
BGC is the main source component of Alwar sediments. 
The REFand Th have been considered as powerful tools to determine the 
composition of source area of sedimentary rocks (Taylor and McLennan, 1985; 
McLennan and Taylor, 1991). In La vs. Th diagram (Figure 6.4) the Alwar olastic 
rocks plot in the field of Archaean and post- Archaean sediments, suggesting that 
they have been derived from a mixture of Archaean and post- Archaean sources. 
Inclinations of plots towards PAAS field suggest that the continental crust in 
Aravalli Craton achieved some maturity during Mesuarchacan period. 
1 RESTS 
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Table 6.1 Average element ratios of Quartzites and Metapelites of Alwar basin 
compared to range of ratios in similar fractions derived from Felsic and Basic 
sources (Cullers. 2000). 
Alwar Quartzites 
Avg. Avg. Avg. 	Avg. Avg. 	Avg. Range of Range of 
Tehla Rajgarh PratapgarhKushalgarh Seriska Thanagazi Sediments sediments 
Qtz. Qtz. Qtz. 	Qtz. Qtz. 	Qtz. (Sandstones) (Sandstones) 
from felsic from basic 
sources sources 
CUTh 5.25 9.33 2.18 18.40 2.01 26.63 7.69-0.04 55.55-21.73 
Th/Sc 7.36 4.24 1 2.62 1.36 2.43 3.87 20.5-0.84 0.22-0.05 
Bu/Eu• 0.51 0.65 0.68 0.67 	0.67 0.54 0.94-0.40 0.95-0.71 
Alwar Metapelite 
Avg.  Avg, Avg. Avg. Avg. Range of Range of 
Tehla Kankwarhi Pratapgarh Kushalgarh Seriska sediments sediments 
Metpel. Metpel. Metpel. Metpel. Melpel. (Shales) (Shales) 
from felsic from basic 
(F) (F) (F) (F) (F) sources sources 
Cr/Th 3.47 13.71 5.72 10.52 1145 14.92-0.25 500-22.22 
Th/Sc 4.36 0.70 1.36 1,10 0.53 18.1-0.61 4-0.05 
Eu/Eu* 1.02 0.57 0.80 0.67 0.96 0.83-0.32 1.02-0.7 
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Figure 6.4 La-Th plot of shales and sandstone of Delhi Supergroup of the Alwar basin. 
Fields of PAAS and Archaean sediments after McLennan et at., (1980). 
126 
'&aveaance Characteristics 
6.3 Location of Source terrain 
The geochemical provenance analysis discussed above identifies several 
possible end member components that include granite, mafrc rocks and T'FG. 
Geochronological work by studies of Choudhary et al., (1984) shows that the ages 
of granitic platens in the north Delhi belt lie in the range 1500 — 1700 Ma. Recent 
geochronological data (Kaur et al., 2006; 2007) suggest the age range of 
granitoids platens of NDFB from 1660-1765 Ma. Therefore, these ages indicate 
that the granitic platens occurring in the northern part of the Aravalli - Delhi belt 
were not available to supply debris to the sedimentary basin of NDFB. The other 
possibility is that the Archaean basement referred to as Banded Gneissic Complex 
(BGC), or a source terrain of similar composition, may have been exposed for 
erosion and thus is likely to be the major source for Alwar and related basin of 
NDFB. The lithologies, identified as end members in the present study, have 
striking similarities with those of BGC. The BGC basement of the Aravalli craton 
occurs extensively to the south of the Alwar basin. This basement complex is 
composed of Mesoarchaean, gneisses, TTG, mafic- sedimentary enclaves and late 
Archaean granitoids. It is well known that the BGC has acted as basement for all 
the Proterozoic supracrustals sequences of the Aravalli cratonic block. Therefore, 
the major components of BGC basement viz. Bcrach Granite (BG), TTG gucisses 
and mafc enclaves (M) are potential source rocks (Raza et al., 2002; 2012), and 
thus may be taken as end members for provenance analysis and modeling purpose. 
The geochemical data of clastic rocks of Alwar basin are plotted on various 
diagram involving La, Th, Cr, and Sc along with available data for average TTG 
gneisses (T), Granite (BG) and (M) Mafic rocks which possibly acted as end 
member components for the Alwar basin clastic sediments. 
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To determine the relative contribution of felsic to mafic input into the 
sedimentary basin, the ratio-ratio plots of different compatible to incompatible 
element pairs have been proved more robust and widely used in provenance 
analyses of ancient sedimentary sequences (eg. Absar et al., 2010; Raza et al., 
2010b). It is ohaerved (Redo et a]., 1997) that Th and Sc may be better 
provenance indicators than the REE alone. Therefore, the geochemical data of 
Alwar clastic sediments are plotted in the Cr/Th vs. Th/Sc, La/Sc vs. Sc/Th , and 
Co/Th vs. la/Sc (Taylor and McLennan, 1985; Condie, 1993; Bhat and Ghosh, 
2001) ratio-ratio diagrams along with available data of Berach Granite, TTG and 
mafic enclaves (Rata et al., 2010b).) of BGC basement of Aravalli Cratonic block. 
In CrM vs. Th/Sc ratio-ratio plot (Figure 6.5) the samples of elastic rocks 
Alwar Group plot on a curve consistent with mixing of a granitic source enriched 
in incompatible elements (Th) and male source enriched in compatible element 
(Cr, Sc). The diagram suggests that felsic and mafic rocks were both involved in 
providing detritus for Alwar basin clastic fill. The inclination of plots towards 
felsic end indicates dominance of granitic components in the source terrain of 
these clastic rocks. 
In LaJSc- Se/Th diagram (Figure 6.6), majority of our samples plot along a 
linear trend occupying the space between BG and TTG. However, some samples 
of metapelites having low i.a'Sc and high Sc/Th ratios plot more towards the field 
of mafic composition implying more mafic source of metapelites than quartzites. 
Some samples of quartzite, having high La/Sc and low Se/Th ratios plot more 
towards region of FIG and beyond towards high La/Sc region. These samples are 
MRl, MR2, MR3, SI, Si S6, S9, S26, S29, All these samples are characterized 
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by relatively higher values of (LWYb)„ ratio (26.76, 25.05. 28.50, 24.17, 1250, 
51.25, 17.85, 23.87, 12.37, 12.83 and 22.27 respectively) and (GdiYb), ratio 
(3.34,3.08, 353, 3.36, 2.37. 2.98, 3.89, 2.30, 2.25, 3.43 and 6.28 respectively) 
with averages —23 and —3.34 respectively. Higher values of these ratios are the 
characteristic geochemical features of Tonalite-Trondhjemite-Granodiorite (TTG; 
Jahn et al., 1981) suits, which are important components of shield areas of the 
world. Thus, it may be visualized that the Alwar elastics had some inputs from a 
source terrain containing TTG as an important constituent. 
In Sc/Th vs. Sc diagram (Figure 6.7), most of our samples of metapelites 
are plotted near BG and those of metapelites are plotted near T implying more 
contribution of TTG to quartzites than the associated metapelites. Since Th/Sc and 
LaISc ratios are considered to be more sensitive to average source composition 
(Taylor and McLennan, 1985) they are more distinguished between felsic and 
mafic components. Th/Sc and La,Sc ratios for quartzites (0.21 - 13.46, avg. 4.29; 
0.26. 22.95, avg. 7.79) are high than those of metapelites (0.27-6.30, avg. 1.57; 
0.24, 9.07, avg. 3.14) implying that the mafic components were incorporated into 
the sediments mainly in the clay- size fraction. 
In these diagrams the plot of Alwar basin clastic sedimentary rocks 
suggests the dominance of felsic rocks with variable contribution from Bench 
Granite and TTG in comparison to mafic enclaves. The inclination of the plots 
toward TTG along with high (La/Yb)„ ratios of these rocks are the features which 
suggests presence of TTG in their provenance. 
The source rock composition of Alwar basin clastic rocks can be further 
evaluated using La-Th-Se ternary plot. 'fhe diagram is a useful measure to 
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Figure 6.5 Th/Se versus Cr/Th plot (after'Fotten et al., 2000) for elastic sedimentary rocks of 
Alwar basin. Most of the samples fall near granitic component. For reference the data of BGC 
basement end members are also plotted as 13G = Berach Granite. (Razes et al., 20106) T = 
I'IG greisses (Martin et al., 2005) and M = Mafic Enclaves (Ahmad and Tarncy (1994). 
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Figure 6.6 La/Sc vs. Sc/Th plot for quarzites and me apelites of Delhi Supergroup of 
Alwar hasin. For reference the data of SGC end members are also plotted. TfCi (T), 
Berach Granite (BG) and Mafic rocks (M) (Data source as in Figure 6.5). 
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Figure 6.7 TWSc vs- Sc plot of -quartzites and metapelites of Delhi Supergroup ofAlwar basin. 
For rcicrcnee the data of BC end members are also pluued. TTG (T), Brach Granite (BG) 
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Figure 6.8 La-Th-Sc ternary plot for clastic sedimentary rocks of Alwar basin. For reference 
the ITG (T), Granite (G) and ma is (M) end members of RGC are plotted. (Data source as in 
Figure 6.5). 
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determine relative contribution of felsic and mafic input into the sedimentary basin. In 
this diagram (Figure 6.8), the data of Alwar basin sedimentary rocks are plotted again 
along with available data of TTG, Berach Granite, mafic enclaves (Rata et al., 2010b). 
This diagram (Figure 6.8) also exhibits similar situation where most of quartzites and 
metapehtes of Alwar basin plot nearer to Berach Granite (BG) and TTG (T) and away 
from mafic enclaves (M) indicating their derivation from a source consisting 
predominantly of granite and TTG with subordinate amount of male rocks. Here also 
few samples of metapelites extend more towards mafic end member. 
6.4 Provenance Modeling 
Therefore, with the identification of several likely source components it is 
possible to quantitatively model the relative contribution of granite, TTG and malle 
source types to generate average clastic rocks of Delhi Supergroup of the Alwar basin. 
In this regard mass balance has to be taken into consideration before attempting such 
calculation. The consideration of only pelites and quartzites component may give rise 
erroneous result; while pelites contains more abundances of REE and other trace 
element than source rock, the quartzites are relatively depleted. It is well established 
that fine grained terrigeneous sediments (shale and siltstones) comprise 70 Vu of 
sedimentary mass, while coarse grained sediments (sandstone) contribute 30 % to the 
sedimentary mass (Garrels and Mackenzie, 1971; Taylor and McLennan, 1985). It is 
reasonable to consider that 70:30 ratio of shale and sandstone is representative of 
source composition, Hence, mixture of 70 % metapelites and 30 % quartzite of Alwar 
Group and same for Ajabgarh Group of the Delhi Supergroup is taken as model 
composition of Alwar basin siliciclastic rocks. The paleocurrent data, as discussed 
above, indicates derivation of Alwar basin elastics from south of the basin where 
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BGC is exposed. The BGC terrain is composed predominantly of Mesoarchaean TTG 
gneisses with mafic enclaves and late Archaean (2.5 Ga) high K-granites, The REE 
data of 116 gneisses, make enclaves and Berach Granite (Rata et al. 2010b) are 
taken as end members for modeling purpose. To determine the contribution of these 
components of BGC to the overall composition of Alwar clastic sediments the mixing 
calculations are performed. Parameters and results of mixing calculations are shown 
in Table 6.2 and Figure 6.9. The purpose is to search a best-fit composition which 
would most closely reproduce the observed REE patterns (Figure 6.9). A reasonable 
fit is obtained for a mixture of sediments derived from a provenance consisting of 
50 % Berach granite (BG), 30 % TTG (T) and 20 % mafic rocks (M). The total 
individual REF, abundances and ratios like (La/Sm),,, (La/Yb)„ and (Gd/Yb)„ are also 
in excellent agreement with model values ( Table 6.2). 
To further confirm these results we have used multielement patterns to 
quantify the relative contribution of different end members to overall composition of 
sedimentary fill of the Alwar Basin. Multielement patterns are shown in Figure 6.10, 
where they display excellent agreement with model values. 
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Table 6,2: Chondrite - normalized Rare Earth Element data of average Ahrar basin clastic sedimentary rocks, basement end members 
(T=TTG; BC= Berach Granite; M= Mafic enclaves of BGC) and mixing results 
REE (N) clastic sedimcntar rocks of Delhi Supergroup. Ak 	basin Mixing results B(iC end Members Mixing Results 
Avg Alm 
(iartvle A 
Avg Akan 
Metapel B 
Avg Ajabgarh 
Quartzite C 
Avg Ajabgarh 
Metapel D 
Avg. elastics AINar 
Group 70B:30A 
Avg elastics 
Ajabgarh Group 
?UD:30C 
T BG M 50BG:30T 10M 
La 98.33 166.91 61.14 114,94 146.34 98.8 45.18 29.64 13.49 131.85 
Ce 76.15 125.91 43.3 89.67 110.98 75.76 86.72 59.01 31.29 100.94 
Pr 66.27 81.15 32.14 61.3 80.88 52.56 9.87 6.89 3.91 75,66 
Nd 51.33 67.48 	24.02 51.68 	62.63 43.38 35.35 26.58 17.8 58.78 
Sm 29.11 40.24 	13.78 37.28 	36.9 	30.23 6.54 5.66 4.78 37.57 
Eu 13.9 22.3 	7.64 22.77 	19.78 	18.23 0.94 1,13 1.32 19.16 
Gd 	18.87 24.53 10.48 24.53 	22.83 20.31 5.3 5.09 4.88 24.87 
Tb 	16.69 18.6 10.59 18.84 	18.03 16.36 0.79 0.85 	0.91 22.57 
Dy 11.65 14.64 8.3 14.65 13.74 12.75 3.85 4.92 	5.98 18,93 
Ho 8.83 14.5 7.22 14.76 12.8 12.5 0.72 1.01 	1.29 17.25 
Er 8.36 13.23 1.11 13.21 11.77 11.38 1.95 2.94 	3.92 17.14 
Tm 8.88 15.9 7.8 16.12 13.79 13.63 0.29 0.46 0.62 17.2 
Yb 8.58 13.94 7.59 14.22 12.33 12.23 1.68 2.77 3.86 	15.65 
Lu 9.64 15.69 9.46 16.28 13.88 14.23 0.26 0.42 0.58 	15.91 
(La'Sm 3.97 3.27 3.51 
La,Yb 11.87 8.08 8.42 
Gd'Yb 1.85 1.66 1.59 
Data source: Berach Granite (BG) after Rana et al. (2010 b) and mafic enclaves after Ahmad and Tamer (1994): TTG after Martinet al (2005). 
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Figure 6.9 REL patterns of a%erage Alwar basin elastics (Mixture of 70 % pelites and 30 % 
quartLite) and estimated prosenance after mixing the end members in the proportion of 
5013G:301':20M. Source: 13G- Rana et al., (201 Ob): fFG- Martin et al., (2005) M- Ahrnad and 
Farnev (1994). 
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Figure 6.10 Multi-element spidergram patterns of average Alwar basin elastics (Mixture of 
70 % pelites and 30 % quartzite) and modeled provenance after mixing the end members in 
the proportion 50 % Berach Granite (RG), 30 % Tonalite-Trondhjemite-Granodiorite ('IT(I), 
and 20 % matic enclaves (M). (Data source same as in Figure 6.9). 
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TECTONIC SETTING OF 
SEDIMENTATION IN 
AL WAR BASIN 
Tectonic Setting of Sedimentattbn in t lwu r oasin 
7.1 Introduction 
Geochemistry of sedimentary rocks has been widely used to interpret the 
tectonic setting prevailing during sedimentation (e.g. Bhatia, 1983; Bhatia and Crook, 
1986). The geochemical data-derived interpretations regarding tectonic setting of 
ancient sedimentary basins is largely based on fundamental assumption that the nature 
of source terrain is intimately related to tectonic processes controlling the origin and 
evolution of adjacently lying sedimentary basin (Bhatia and Crook, 1986). In recent 
years the geochemical compositions of clastic sedimentary rocks have been widely 
used to distinguish the tectonic conditions prevalent during their deposition (e.g. 
Bhatia and Crook, 1986; Roser and Korsch, 1986; McLennan. et al., 1993). Even 
though the fields representing various tectonic settings identified by these authors are 
originally intended for Phanerozoic clastic sedimentary rocks, they have gained wide 
application in Precambrian sedimentary rocks (McLetman, et al., 1995; Kalsheek et 
al., 1998; Yang et al.. 1998; Bhat and Ghosh 2001; Raza et. al.. 2010a,b; 2012). 
Variations in major and trace element concentrations reflect distinct provenance types 
and tectonic setting for sedimentary sequences (Bhatia 1983; Bhatia and Crook, 
1986). McLennan, et al. (1993; 1995) described five major provenance types on the 
basis of geochemistry (Table 7.1). 
7.2 Tectonic Setting of Alwar basin 
The high K2OMa2O ratios shown by our samples of quartzites (avg. 17.48) 
and metapclites (avg. 32,70) of Delhi Supergroup of the Alwar basin classify these 
rocks as quartz- rich type (Crook, 1974), suggesting their deposition in plate interiors 
either at stable continental margin or intracratonic basin. The K2017va2O-Si02 plot 
(Rorer and Korsch, 1986, Figure 7.1) indicates the deposition of sedimentary fill of 
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Alwar basin in a passive margin tectonic setting. In Na-Ca- K ternary diagram of 
Bhatia (1983). most of our samples again fall in the field of passive margin setting 
(Figure 7.2). The geochemical composition of these sediments as discussed in chapter 
six suggest their derivation from a granitic-dominated old continental crust. 
According to McLennan et al., (1990) this crustal component constitutes old stable 
cratons and old continental foundation of active tectonic settings. To further asses the 
tectonic environment of Alwar basin sedimentary rocks, we use here in the 
discrimination diagrams based on relatively immobile trace elements such as La, Th, 
Sc. Y. Cr, Zr, Co and T1O2 as discriminant parameters (Bhatia and Crook, 1986). 
The tectonic setting of the Alwar basin is evaluated using various 
discrimination diagrams based on concentration of these elements (e.g. Bhatia and 
Crook. 1986). On, Th-Sc-Zr/10 discriminant plots, (Figure 7.3), most of our samples 
fall within or very near to field D representing passive margin setting. Although, the 
fields on this plot were originally defined for sandstones but in recent years the 
diagrams of Bhatia and crook (1986) have been proved useful even for metapelitic 
rocks (e.g. Yang, 1998; Gu et al., 2002; Tran et al., 2003). 
In 'l'iZr - La-'Sc discriminant plots, (Figure 7.3) the samples of Alwar basin 
clastic rocks are generally scattered. However, most of the samples fall in or very near 
to field B and D representing continental island are and passive margin settings 
respectively. As discussed in chapter six. the clastic sedimentary rocks of the Alwar 
basin have been derived from BGC' basement. It has been suggested (Raza et al., 
2010a) that the BGC evolved through accretion and tectonic amalgamation of pre-
existing continental arcs comprising TTG and granitic bodies. Thus, there is a 
possibility that the continental arc signatures derived from their source terrain might 
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be preserved in the chemistry of our samples due to which some samples are plotted 
in or near to field B of Figure 7.3 and 7.4. The sedimentary rocks of the Alwar basin 
are interbedded with mafic volcanic flows of' tholeiitic composition. "These mafic 
rocks show strong continental flood basalt (CFB) affinity. Geochemical studies of 
these basaltic rocks (Raza et al., 2007) suggest that the tholeiites were erupted in 
Alwar basin along with sedimentary processes operating on the crust. Therefore, the 
Alwar basin is considered to have been originated as a rift at the margin of the BGC 
craton (Raza et al., 2007). Geochemical study of recent sedimentary rocks of East 
African Rift System (EARS; Mapila et al.. 2009) suggests that they are 
compositionally very similar to those of passive margin settings. They also exhibit 
LREE enriched patterns, which are similar to those of PAAS. Therefore, the 
geochemical data of sedimentary rocks of the Alwar basin further support a rift basin 
tectonic setting. 
7.3 Implication for Regional Tectonics and Continent Assembly 
The present study suggests deposition of Alwar basin fill in a continental rift 
setting. The result is consistent with the envisaged tectonic setting of sedimentary 
basins of NDFB based on geochemical studies of mafic volcanic (Raza et al.,2002, 
2007) . These studies have suggested that at about 1880 Ma, the continental 
lithosphere in the norteastern region of Rajasthan stretched, attenuated and fractured 
in response to a rising plume resulting in the development of intracratonic rifts at the 
margin of the BGC craton. On the basis of geochemistry of intercalated volcanic 
rocks and massive sulphide deposits, the Khetri basin is considered to have been 
evolved as a successor sedimentary sequence deposited in an extensional back arc 
basin, close to — 1832 Ma continental margin arc terrains (Raza et al., 2007). In the 
light 	of 	these 	information 	the 	configuration 	of 	different 
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Table 7.1. Summary of geochemical characteristics of provenance types (after McLennan et al., 1993,1995) 
Terrain type EUIEu* 	Th/Sc Other geochemical features 	 Description 
Old Upper 
0.60- 
Evolved 	major element composition (e.g. 	high Old 	ipneouslmetamorphiclSedimentary 	terrains 
Continental Crust -I 0 SWAT, 	CIA): 	High 	LILE 	abundances; 	uniform affected 	by 	intracrustal 	differentiation 	stable 
IO~!CI 
0.70 
compositions cratons, old foundation of active settings 
Recycled 
0.60- Evidence of hew mineral concentrations in trace 
Recycled 	sedimentarvlmetasedimentary 	rocks 
Sedimentary Rocks 
0.70 >1.0 elements (c o. Zr. Hf for zircon, REF for monazite) 
specifically 	identified. If not separately identified, 
(RSR) part of OUC. 
Young Unevolved major element composition (e.g. low Young mantle-derived volcaniclPlutonic arc rocks 
Undifferentiated -1.0 <1.0 Si/AI, 	CIA): 	Low 	LILE 	abundance; 	variable dominate fore arcs, component in continental arcs, 
Volcanic Arc (YUA) compositions back arcs. 
Evolved major element composition 	(e.g. high 
Young mantle-derived volcaniciplutonic arc rocks 
Young Differentiated 	—0.50• affected 	by 	intracrustal 	differentiation. 	similar 
Volcanic Arc (YDA) 	0.90 
variable Si/Al, 	CIA); 	High 	LILE 	abundance; 	variable 
environments as YUA but more mature arcs or 
compositions 
more dissection 
Exotic components: Chemical signature depends on the nature of the component. For example, very high Mg. Cr, Ni, V and CrN would be distinctive of 
ophiolitic sources, 
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Figure 7.1. SiO, versus K,0/Na2O discriminant diagram (Roser and Korsch, 1986) showing 
deposition of quartzites and metapelites of Aiwar basin in a passive margin tectonic setting. 
ACM = Active Continental Margin, PM = Passive Margin, ARC = Magmatic arcs. 
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figure 7.2. Na~O- CaO- K,O tenian diagram of Bhatia (1983), sho%%ing deposition of 
quartzites and metapelites of Aiwar basin in a passive margin tectonic setting. 
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Figure 7.3 Th-Sc-Zr/10 ternary plot of elastic sedimentary rocks ol'the Alwar basin. Fields A-
I) are after I3hatia and ('rook. 1986: A = Oceanic Island Arc (OR). B = Continental Island 
Arc (CIA). C =  Active Continental Margin (ACM) and D = Passive Margin (PM). 
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Figure 7.4 Ti/Zr vs. La/Sc discriminant diagram for the KCB Pelites and quartzites. Fields 
after l3hatia and Crook. 1986. A - Oceanic Island Arc (OIA), 13 - Continental Island Arc 
(CIA). C = Active Continental Margin (ACM) and I) Passive Margin (PM). 
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sedimentary basins of NDFB in terms of their tectonic settings is proposed herein and 
presented in (Figure 7.5). The tectonic settings of different sedimentary basins (Figure 
7.5) occurring in the northern part of Aravalli mountain belt have great bearing on the 
tectonic evolution of north Indian shield. In the following paragraphs, we discuss the 
significance of these basins in tectonic evolution of North Indian shield and its 
implication on continent assembly during early Proterozoic. 
The coeval formation of many rift- related basins such as Bayana, Alwar, 
Bhilwara and Aravalli basins ( Raza and Khan,1993; Raza et al., 2001, 2007; Deb and 
Thorpe. 2004) in Aravalli Block and Gwalior, Bijawar and Lesser Himalayan basins 
in Bundelkhand block (Raza. 1981; Bhat and Ghosh, 2001; Absar et al., 2010), 
suggests that the North Indian Craton ( NIC) suffered a major intracratonic extension 
during Palaeoproterozoic (Deb, 1993; Mazumder et al., 2000; Mallikharjuna Rao et 
al., 2005). This event appears to represent an important extensional regime that 
triggered the commencement of dispersion of earth's first super continent which 
amalgamated at —2.4 Ga involving cratons of South Australia. East Antarctica, India 
and North China (Zhao et al., 2003; Stien et al., 2004; Barley et al., 2005 ). 
Khetri 	 Alwar 	Bayana 
Basin Basin 	Basin 
E 
4 	Lithospheric Mantle 
Figure 7.5 Cartoon illustrating development of sedimentary basins of NDFB and 
associated magma generation. 
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The occurrence of a sequence comprising arc-derived sedimentary rocks and 
subduction related mafic volcanics in Khetri basin (Rata et al., 2007) in the northern 
part of Aravalli orogen opens the possibility that an are belt existed there at about 
1832 Ma. The proposed model of Deb, and Sarkar (1990); Sugden et al., (1990): and 
Ahmad et al.. (2008b) argues for the existence of an active continental margin in the 
SDFB that appears to be a possible southwards extension of the NDFB. These authors 
explained the evolution of SDFB through subduction /collision process. These 
features suggest a similar pattern of geodynatnic evolution of the Delhi belt from 
north to south. Thus, the Khetri belt may represent part of a volcanic rock belt 
extending at least about 800 km in a NE-SW direction. Arc related volcanic rocks of 
the same age (1832 Ma; Guerot 1993) are also found in the Hindoli belt (Rata and 
Siddiqui, 2012) that occurs along the easternmost fringe of the Aravalli block. 
Occurrence of are related sequences of almost the same age on the western 
and eastern margins of the Aravalli orogen has an important bearing on the tectonic 
evolution of the MC. The exact timing of the subduction episode is not perfectly 
known, but it could be at about 1832- 1850 Ma i.e. the age of volcanic rocks of the 
Khetri and Hindoli belts. Available lithostratigraphic, tcctonothermal, 
geochronological and palenmagnetic data have established the presence of the 
Columbia supercontinent during 2.1 — 1.8 Ga. Studies also suggest that India was a 
constituent landmass in the Columbia configuration (Rogers and Santosh 2002; Zhao 
et al., 2002).The Indian block in the Columbia assembly grew by subduction and 
amalgamation processes. The subduction related rocks occurring along the margins of 
the Aravalli cratonic block point to the amalgamation of the North Indian Craton 
(NIC) and the Columbia assembly by subduction processes. 
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CRUSTAL EVOLUTION AT 
ARCHAEAN - PROTEROZOIC 
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8.1 Introduction 
Geochemical compositions of Sedimentary rocks have been widely used as 
tool to constrain the average composition of the continental crust exposed at the time 
of deposition (e.g., Condie. 1993; McLennan et al., 1995). Much of our present 
understanding about the composition and evolution of continental crust comes chiefly 
from geochemical and isotopic data gathered on sedimentary rocks (for e.g. Taylor 
and McLennan, 1985, 1995; Wronkiewicz and Condie, 1987. 1990; Naqvi in al., 
1988, 2002; Candle, 1993,1997; Lahtinen, 2000; Condie et al., 2001; Bhat and Ghosh, 
2001; Saha et al., 2004). It is generally accepted that sediments preserve the `memory' 
of the composition of contemporary upper continental crust, much of which is eroded 
from geological record; so this approach provides a window to look through the 
compositional evolution of continental crust. Several geochemical parameters like 
K20/Na20 ratio, Ni-Cr content, europium anomaly and REE fractionation are found 
to be distinctive in Archaean and Proterozoic sedimentary rocks (Reference above 
cited). The Archean-Proterozoic boundary (A/P boundary) is recognized as a 
fundamental benchmark in the chemical evolution of the upper continental crust. 
Extensive studies of elastic sedimentary rocks from Precambrian shields in wide 
geographic areas such as North America, Western Europe, Australia, India and 
Southern Africa have shown that the Archean upper crust is generally different in 
chemical composition from post-Archean upper crust (Condie, 1993; Taylor and 
McLennan, 1985). The chemical differences between Archean and post- Archean 
upper crust are recorded in trace elements of sedimentary rocks (Taylor and 
McLennan, 1985; McLennan and Hemming, 1992; Condie, 1993). These include: (I) 
a change in REF. patterns in clastic sedimentary rocks involving a significant 
depletion in Eu-anomalies in chondrite - normalized REE patterns (Figure 8.1). There 
is also a tendency for the total REE abundances to increase, as well as a relative 
144 
CnutafEoofution ft}Irchaean - Truterozoic boundary 
enrichment in the LREF.. (2) a decrease in (Gd,Yb)„ ratio from >2.0 to 1.0— 2.0. 
Condic (1993) has, however, indicated that unlike Archean graywackes, Archean 
shales lack HREE depletion, (3) a decrease in Sm/Nd ratio from about 0.21 to 0.19, 
(4) a decrease in the Cr/Th ratio from about 20 to 5.7, (5) a decrease in Cr! Sc ratio 
from about 13 to 4.1, and (6) Parallel to the change in REE patterns is a significant 
increase in the ThiSc ratio from about 0.5 to 1.0 (possibly only in continental 
sediments). These two elements are particularly useful indices because both are 
insoluble with short residence time in sea water. During igneous processes Th is 
incompatible and thus enriched in residual silicate melts. While Sc is compatible and 
is concentrated in nearly crystallizing phases such as pyroxene. Therefore the 
abundances of these two elements provide an index for the relative proportions of 
acidic to basic material in the sources of sediments. 
The changes from Archaean to post-Archaean upper continental crust are 
interpreted as due to a massive intracrustal melting event which produced an upper 
crust dominated by K - rich siliceous igneous rocks. It is a well known fact that the 
formation of the Archaean crust was dominated by greenstone tectonics which 
produced a crust predominantly mafic in nature. At Archaean - Proterozoic transition 
large intrusion of high-K intracrustal granite emplaced resulting in production of 
voluminous upper crust. The Archaean sedimentary rocks display flat REE patterns 
with no europium anomaly and high Ni-Cr content in comparison to their Proterozoic 
counterpart; which shows fractionated REE patterns with significant negative 
europium anomaly and low Ni-Cr content. Large scale production of high-K 
intracrustal granites and widespread crust formation at 2.5 Ga has been suggested for 
above mentioned geochemical changes in expense of komati.itic magmatism of 
greenstone association of the Archaean. However, this has been challenged by 
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several workers (Gao and Wedepohl, 1995: Gibbs et al., 1986: Condie, 1993, 1997) 
who have suggested tectonic setting artifacts for such geochemical changes. These 
authors emphasized that comparison should he made on rocks of similar tectonic 
associations. Condie (1993, 1997) suggested that the observed upper crustal 
compositional changes at the APB can be related to four evolutionary changes of 
earth history viz. i) komatiite effect, ii) TTG effect, iii) subduction effect, iv) 
weathering effect. Out of these, first three changes are direct consequence of cooling 
of mantle through time. Komatiite effect is preserved in sedimentary record in term 
of high Ni-Cr content and flat REE pattern with moderate positive Eu anomaly in 
Archaean sediments relative to those of Proterozoic. The voluminous production of 
TTG in Archaean is related to TTG effect. During the late Archaean-Early 
Proterozoic the operation of subduction process resulted in production of huge 
amounts of granitic magma due to partial melting of metasomatised mantle wedge 
with distinct subduction geochemical component i.e LILE enrichment over Nb and 
Ta. These changes are recorded in terms of HREE and Y depletion in Archaean TTG 
and LILE enrichment in Proterozoic granites. The Archean TTG is characterized by 
steep fractionated REF. pattern and LILE depletion in comparison to Proterozoic 
granite and TTG. Some geochemical changes across APB seem to be related to 
palaeoweathering effects since intensity of chemical weathering decreased after the 
Archaean. 
8.2 Geochemical Changes across APB in Aravalli Craton 
In order to determine whether changes in composition of the continental crust 
at the A/P boundary was a worldwide phenomena, we test the proposed model of 
compositional change at the A/P boundary on the chemical data of clastic sedimentary 
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rocks of the Aravalli craton, which is located in a less studied part of Indian shield. 
The geochemical data of Alwar basin clastic sedimentary rocks generated during 
present study, in combination with available geochemical data of about 2800 Ma old 
Achaeans quartzite (Naharmagra Quartzite: Raza et al., 2010a) and about 1600 Ma 
old Vindhyan sandstones (Raza et al.. 2010b) of the Aravalli craton are used to 
determine the geochemical changes in composition of sedimentary rocks across 
Archaean — Proterozoic transition. The average REF patterns of these three are shown 
in (Figure 8.2). The geochemical data and detailed discussion presented in the present 
work have important implication on change of upper crustal composition from 
Mesoarchaean to Late Palaeoproterozoic period in north western part of the Indian 
shield. As evidenced from the geochemistry of Archean Naharmagra quartzites from 
this terrain (Razes et al., 2010a), the Archean crust was dominated by TTG and 
possibly with a low K-Archean granite component (50 % TTG, 40 % granite, and 10 
% basalt). The mixing modeling of REE data of Alwar basin elastics rocks, 
presented in chapter six of the present thesis indicates that the Palaeoproterozoic 
upper crust was consisting of, 50% high-K granites (-2.5 Ga) 30 % TTG and 20 % 
matte rocks. 
The geochemical data of Alwar elastics suggest a significant contribution from 
high K-granitic rock which was intruded into an Archaean crust at about 2.5 Ga, as 
well as a contribution from TTG. The Late palaeoproterozoic Lower Vindhyan 
sandstone geochemistry points (Raza et al., 2010b) towards a dominantly high-K 
granitic (-2.5 Ga) upper crust. The data indicate upper crust evolved from TTG 
dominated composition at Archean (-2.9Ga) to granite dominated composition during 
the Palaeoproterozoic. This phenomenon can be explained simply by erosion. 
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Figure 8.I The contrast between Archaean and Post-Archaean REF patterns in elastic 
sedimentary rocks (Taylor. 1987). 
Figure 8.2 Chondrite-normalized REF patterns of avg. quart7ites/sandstones of Aravalli 
craton ranging in age from Meso-Archaean to late Palaeoproterozoic. Source of data: 
Nahannagra Quartzite- Raza et al. (2010a): Vindhyan sandstone- (2010b); Alwar Basin 
Quartzite- Present Study. 
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It is suggested that most of the upper crust comprising 1"1'G was extensively 
eroded during the Palacoproterozoic and entered in the sedimentary record of that 
period. The erosion of upper 'I1G cover exposed the deep level granite batholiths 
which significantly contributed detritus to Aiwar basin. By the end of 
Paleoproterozoic the crust of same composition existed and provided debris to the 
Lower Vindhyan basin resulting deposition of Lower Vindhyan group of south 
eastern Rajasthan. 
Therefore the compositional changes of upper crust at APB in Aravalli craton 
is characterized by evolution from 7TG dominated crust of Mesoarchean to a granitic 
crust during the Paleoproterozoic. In summary following parameters signifies the 
change and illustrated in (Figure 8.3). 
I- K20Na2O ratio increased dramatically from Archaean to Proterozoic. 
K20/Na,O ratio of -1 at 2800 Ma during Archaean increased to around -5 at 
1800 Ma and -9 at 1600 Ma during the Proterozoic. 
2- A decrease in the (Od/Yb), ratio from 2. 97 in Archaean to 2. 22 and then 1.77 
in Proterozoic. 
3- The (La/Yb), ratio mimics the (Gd/Yb)„ ratio, and show similar change in upper 
crust. The average (La/Yb)0 of Archaean Naharmagra quartzite is 28 which 
evolved to a value of 12.46 for Alwar basin quartzites , and changed eventually 
to a value of 9.99 in Vindhyan sediments. The temporal evolution of REE 
pattern is exactly opposite to that reported by Taylor and Mclennan, (1985) i.e. 
flat REE pattern with no europium anomaly for Archaean and fractionated REE 
patterns with significant negative europium anomaly for Proterozoic 
sedimentary rocks. 
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4- Sm/Nd ratio increases from 0.53 in Archaean to 0.58 and than 0.78 in 
Proterozoic. 
5- Th/Se ratio increases from 2.35 in Archaean 4.11 and then 1.22 in Proterozoic. 
Generally, LILEs along with Th are enriched in Proterozoic sediments compared 
to those of Archaean sediments. This signifies the importance of intra-crustal 
granite during Proterozoic. The metasomatic addition of LILEs is governed by 
"subduction effect" where excess LILEs are introduced in metasomatised mantle 
wedge. 
6- La/Th ratio also changed temporally (Figure 8.3), the Archaean Nahannagra 
quartzites are characterized by higher values (avg.3.1 1) that declines with 
increase in Th content in Proterozoic (Avg. Alwar basin quartzite 1.90 , Avg. 
Vindhyan Sandstone, 1.94). The data indicate systematic unroofing of granite 
batholiths during the Proterozoic by upliftment and erosion of upper TTG cover. 
7- Cr/Sc ratio varies from 57.87 in the Archaean to 18.11 and 16.68 in the 
Proterozoic. 
8- The Rb/Sr ratio does not show any significant variation. It increased from L29 
during Archaean to 2.8 at 1800 Ma but again decreased at 1600 Ma. 
9- hu/Eu* value does not show any significant change as it varies from 0.64 in 
Artehaean to 0.66 and 0.65 in Proterozoic rocks. However the total REE content 
does not show any significant change from Archaean naharmagra quartzite 
(77.85 ppm) to Proterozoic Alwar basin quartzites (84.59 ppm) and late early 
Proterozoic Vindhyan sandstones (43.52). The trends shown by values of 
Fu/Eu* anomalies and total REP abundances are not similar to those reported by 
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Taylor and McLennan, (19R5) and indicate early evolution of continental crust 
including formation of granite in the northwestern part of Indian shield. 
10- Similarly Cr/Th varies from 24.60 in the Archaean to 4.41 and 14.85 in the 
Proterozoic. 
The geochemicaI data of Archaean and Proterozoic sedimentary rocks of 
Aravalli craton, as presented and discussed above are in accordance with the modem 
concepts regarding evolution of early continental crust. Recently Lopez et al. (2006), 
have suggested that the petrogenetic evolution of Archaean crust initiated by large 
scale production of progressive TTG magma. The melts for this magma were 
produced by melting of down going plate at relatively shallower depth (P <10 kbar) 
without extraction with the mantle during ascent. Further cooling of the earth 
favoured an increase in the angle of dip of subducting slab. This phenomenon favored 
partial melting of basaltic rocks at higher depth (P <10 kbar) and interaction of TTG 
magma with the overlying mantle wedge. At Archean Proterozoic boundary, the 
interaction between hydrous sanukitoid ntagnia and tonalitic crust resulted in 
production of large amount of K-granite magma. The TTG with positive Eu 
anomalies in their REE patterns and sanukitoid signatures in Berach Granite of 
Aravalli craton have been recently identified by Mondal and Raza, A. (2013). From 
the foregoing discussion it may be visualized that at least northern part of Indian 
shield evolved from a ITG dominated crust during Archean to granitic dominated 
crust during late Palaeoproterozoic / Mesoproterozoic. 
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Figure 8.3: Geochemical parameters showing compositional evolution ol upper continental 
crust of Aravalli craton of North Indian Plate during the period from 2.8 Ga and 1.6 Ga. Note 
systematic decreasing trends shown by (La/Yb)N, (Gd/Yb)N . La/•Th and Cr/Sc ratios and 
increasing trends shown b\ K.O/Na,O and Sm/Nd 	ratios from Mesoarchaean to 
Palaeoproterozoic to late Palaeoproterozoic sedimentary rocks. Cr/l'h ratio show a abrupt 
decrease and Rb/Sr and 	"Ihh/sc ratios show abrupt 	increase from Archaean to 
Palaeoproterozoic. The temporal change shown by different ratios together suggest evolution 
of upper continental crust of Aravalli craton from TTG dominated composition during 
Mesoarchaean to granitic dominated crust during Palaeoproterozoic / late Palaeoproterozoic. 
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SUMMARY AND CONCLUSIONS 
Summary an Condusibn 
The northwestern part of the Indian shield, referred to as the Aravalli craton, 
evolved over through a wide time span ranging from >3000 Ma to about 500 Ma 
(Gopalan et at 1990; Roy and Jakhar, 2002 and references therein). In this region the 
Archaean basement, referred to as the Banded Gneissic Complex (BGC), is overlain 
by numerous Proterozoic cover sequences (Deb and Sarkar 1990) belonging to the 
Palaeoproterozoic Aravalli and Mesoproterozoic Delhi supergroups. These two 
groups of rocks constitute the NE-SW trending Aravalli mountain belt or Aravalli 
Delhi Fold Belt (ADFB) which stretches for about 900 km from Palanpur in south to 
Delhi and adjoining areas in the north. The Delhi Supergroup forms the Aravalli 
prographic axis. It is sandwiched between the RGCBhilwara Supergroup, Aravalli 
Supergroup and its equivalent cover sequences in the east and MaIani Volcanies, 
Marwar Supergroup (Late Proterozoic cover sequences) and Mesozoic-Cenozoic 
sediments in the west. In central Rajasthan the Delhi Fold Belt is narrow but fans out 
in the north and northeast and south. In the northeast the rocks are deposited in a 
number of isolated, fault bounded basins while in the central part (south of Ajmer) the 
Delhi Supergroup represents a more or less continuous sequence. The Delhi Fold Belt 
(DFB) is exposed in two main domains (Sinha-Roy et al., 1998), the North Delhi Fold 
Belt (NDFB) and the South Delhi Fold Belt (SDFB). The northern part of this belt 
referred to as NDFB, is broadly composed of the Delhi Supergroup occurring in three 
volcano-sedimentary basins. These are from east to west: the Bayana basin in the east, 
the Alwar basin in the centre and the Khetri basin in the west. The first two taper 
towards the south whereas the third appears to extend towards south into the SDFB. 
The present study involves geochemical and petrographical examination, of 
clastic sedimentary rocks of Delhi supergroup comprising eastern part of the Alwar 
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basin of NDFB. The rock types found in the basin are chiefly sedimentary 
metamorphites comprising various types of schists, phyllites interlayered with 
massive quartzite. marbles, talc-silicate rocks and amphibolites. Although, the 
stratigraphic relationships between the various lithological units are not clear, the 
sequence is divided into the Alwar (dominantly arenaceous) and the Ajabgarh 
(argillaceous and calcareous) groups. The present study is the first, to report major 
and trace elements (including RFF) compositions of clastic sedimentary rocks from 
the Alwar basin. Our aims are to report and utilize the geochemical data of the 
quartzites (meta-arenites) and metapelites of the Alwar basin to (i) constrain the 
composition of the source terrain, its weathering history and the tectonic setting at the 
time of their deposition and implication for continent assembly (ii) examine the 
applicability of geochemical data in interpreting the nature of continental crust 
particularly during Archean and Proterozoic time and the implications of these data 
for evolutionary trends of early crust in northern part of Indian shield . 
Geochemical data comprising major, trace and rare earth elements of 28 
samples of quartzites, and 24 samples of pelites representing various formations of 
Delhi Supergroup of the Alwar Basin are presented and utilized to achieve the aims 
and objectives. 
Some major observations and conclusions based on the present investigation 
are highlighted below. 
I- 	Petrographic investigations indicate that the detrital content of studied quartzites 
(meta-arenites) is mainly composed of several varieties of quartz followed by 
feldspars and mica. The average detrital mineralogy includes monocryslalline 
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quartz (73.06 %), polycrystalline quartz (18.4 %), feldspar (3.5 %), and mica 
(5.0 %) in addition to accessory minerals tourmaline, garnet, futile and zircon. 
The overall analysis of petrofacies data, using Dickinson's scheme (1985), 
suggests that the sediments of Delhi Supergroup of the Alwar basin were 
derived from relatively low — lying granitoid and gneissic sources, supplemented 
by recycled sands from associated pre-existing sediments of Archaean age. 
2- Compositionally, almost all the quartzite samples of the Alwar basin, comes 
under the category of quartz arenite {Si02 = 80-88 %, A1203 = 4-9 %, Fe203 
0.04-7.7%, CaO =0.09-0.2510% and Na20=0.02-0.32%). 
3- The Alwar basin quartzite and metapelite assemblage display a strong negative 
correlation between A1203 and Si02 (r = -0.94). suggesting that studied 
quartzites and metapelites are mixture of quartz and illite end members. The 
illite control is also indicate by moderate relationship between A1203 and K2O (r 
= 0.46). 
4- The SiO2/AI203 ratios (6.05 — 319.67; avg. 56.94) of quarzites are high, 
indicative of their high maturity 
5- In general the REE patterns of our samples of quartzite and metapelites are 
highly fractionated with (La/Yb), = --1 - 51.25. Apart from few anomalous 
samples, the Alwar basin elastic sedimentary rocks are characterized by 
significant enrichment in LREFs, the distinctive negative anomalies, and flat 
HREE patterns. 
6- The quartzites of Alwar Group are more enriched in REE particularly in LREE 
and MRF.E relative to quartzites of Ajabgarh Group. Similarly the metapelites of 
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Alwar Group are more enriched in LREE but the MRLE and HREE of the two 
groups remain same. 
7- In comparison with average upper continental crust (AUCC) all the rock 
formations of the Alwar basin are characterized by strong depletion in CaO, 
Na2O and Sr indicating high degree of weathering in the source area (Nesbitt et 
al., 1980). 
8- Quartzites are depleted in many major and trace elements due to quartz dilution. 
Many of the samples have undergone post- depositional K - metasomatism. 
9- No systematic differences in the REF patterns among different stratigraphic 
units are observed. However, (LaiYb)r ratio appears to show a stratigraphic 
control as it appears to decrease with decreasing age. 
10- The upper crust suffered variable deeree of weathering is indicated by depletion 
of Ca, Na, Sr and CIA, PIA, CIVV and Th/U values and A-CN-K diagram. 
Chemical weathering condition, as indicated by clastic rocks or the Alwar basin 
is in conformity with worldwide humid and warm climate during the 
Paleoproterozoic period. 
11- The geochemical data suggest that the quartzites were deposited in an 
oxygenated transgressive beach environment and the metapelites under anoxic 
conditions probably in a costal complex environment including lagoonal basins. 
12- Major element discrimination scheme, TiU2- Zr, Ti02 - A1203 plots and various 
diagrams involving immobile elements such as La, Sc. Th, Cr and their ratios 
such as Th/Sc. Cr/Th and Eu/Eu*, all suggest the dominance of felsic rocks in 
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provenance of Delhi Supergroup. The basin received variable contribution from 
Berach Granite, TTG and mafic enclaves of Archaean Banded Gneissic 
Complex (BGC) of the Aravalli Craton. 
13- Provenance modelling based on REE patterns, immobile element ratios, and 
multi-element patterns, suggest that the source area of Alwar basin sediments 
was consisted of 50 % Berach granite, 30 % TTG gneisses and 20 % mafic 
enclaves of the BGC. 
14- Si02 - K20.Na20, Na2O- CaO - K,O, Th-Sc-Zr1l0, Ti/Zr vs. La/Sc 
discrimination diagrams suggest a continental rift setting for the Alwar basin. 
Our geochemical data in combination with available information on 
geochemistry and geochronology of the mafic volcanic rocks of NDFB suggest 
that the Alwar basin originated as a continental rift at the margin of the BGC 
craton at about 1832 Ma back. 
15- The coeval formation of many rift- related basins in the northern part of the 
Indian Shield suggests that the North Indian Craton (NIC) suffered a major 
intracratonic extension during Palaeoproterozoic. This event represents an 
important extensional regime that triggered the commencement of dispersion of 
earth's first super continent which amalgamated at -2.4 Ga involving cratons of 
South Australia, East Antarctica, India and North China. 
16- The geocheniical data of silicicIritic rocks of Delhi Supergroup of Alwar basin 
trends are generated during the present study, in combination with available 
geochemical data of about 2800 Ma old Achaean Naharmagra quartzites (Raza 
et al., 2010a) and about 1600 Ma old Vindbyan sandstones (Rata et al., 2010b) 
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of the Aravalli Craton are utilized to determine the compositional changes of 
upper crust at Archaean-Proterozoic Boundary (APB) in Aravalli craton. The 
data indicate systematic changes in various geochemical parameters during the 
period from 2800 Ma to 1800 Ma and finally toI600 M. The observed trends 
of changes are as follows: 
a- K20,/Na20 ratio of -4 at 2800 Ma during Archaean increased to around —5 
at 1800 Ma and --9 at 1600 Ma during the Proterozoic. 
b- A decrease in the (Gd/Yb)0 ratio from 2. 97 in Archaean to 2. 22 and then 
1.77 in Proterozoic. 
c- The (La/Yb)„ ratio mimics the (Gd/Yb)„ ratio, and show similar change in 
upper crust. It changes from 28 to 12.46 and eventually to a value of 9.99. 
the temporal evolution of REP pattern is exactly opposite to that reported 
by Taylor and Mclennan, (1985) i.e. flat REF pattern with no europium 
anomaly 
d- Sm/Nd ratio increases from 0.53 in Archaean to 0.58 and than 0.78 in 
Proterozoic. 
e- Cr/Sc ratio varies from 57.87 in the Archaean to 18.11 and 16.68 in the 
Proterozoic. 
f- La/Th ratio also changed temporally from 3.11 in Archaean Naharmagra 
quartzite and declined with increase in Th content in Proterozoic (Avg. 
Alwar basin quartzite 1.90, Avg. Vindhyan Sandstone, 1.94). The data 
indicate systematic unroofing of granite batholiths during the Proterozoic 
by upliftment and erosion of upper TTG cover. 
158 
Summary and ConcCusiun 
g- 	Cr/1h varies from 24.60 in the Archaean to 4.41 and 14.85 in the 
Proterozoic. 
The trends shown by various geochemical parameters through geological times, as 
discussed above, suggest that the continental crust in the north western part of the 
Indian shield is characterized by evolution from HG dominated crust of 
Mesoarchean to a granitic dominated crust during the Palaeoproterozoic. 
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